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ABSTRACT
Aims. We aim to test the impact of using variable star-forming histories (SFHs) and the use of the IR luminosity as a constrain on the
physical parameters of high redshift dusty star-forming galaxies. We explore in particular the properties (SFHs, ages, timescales) of
galaxies depending on their belonging to the “main sequence” of star-forming galaxies (MS).
Methods. We performed spectral energy distribution (SED) fitting of the UV-to-NIR and FIR emissions of a moderately large sample
of GOODS-Herschel galaxies, for which rich multi-wavelength, optical to IR observations are available. We tested different SFHs
and the impact of imposing energy conservation in the SED fitting process, to help with issues like the age-extinction degeneracy and
produce SEDs consistent with observations.
Results. Our simple models produce well constrained SEDs for the broad majority of the sample (84%), with the notable exception of
the very high LIR end, for which we have indications that the energy conservation hypothesis cannot hold true for a single component
population approach. We observe trends in the preferences in SFHs among our sources depending on stellar mass M? and z. Trends
also emerge in the characteristic timescales of the SED models depending on the location on the SFR – M? diagram. We show that
whilst using the same available observational data, we can produce galaxies less star-forming than classically inferred, if we allow
rapidly declining SFHs, while properly reproducing their observables. These sources, representing 7% of the sample, can be post-
starbursts undergoing quenching, and their SFRs are potentially overestimated if inferred from their LIR. Based on the trends observed
in the rising SFH fits we explore a simple evolution model for stellar mass build-up over the considered time period.
Conclusions. Our approach successfully breaks the age-extinction degeneracy, and enables to evaluate properly the SFRs of the
sources in the SED fitting process. Fitting without the IR constrain leads to a strong preference for declining SFHs, while its inclusion
increases the preference of rising SFHs, more so at high z, in tentative agreement with the cosmic star-formation history (CSFH),
although this result suffers from poor statistics. Keeping in mind that the sample is biased toward high luminosities and intense star
formation, the evolution shaped by our model appears as both bursty (in its early stages) and steady-lasting (later on). The SFH of the
sample considered as a whole follows the CSFH with a surprisingly small scatter, and is compatible with other studies supporting that
the more massive galaxies have built most of their mass earlier than lower mass galaxies.
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1. Introduction
Recent years have seen significant advance in the understanding
of the star-formation history of the Universe. Large extragalactic
surveys covering various intervals of the electromagnetic spec-
trum have helped defining the broad lines of the cosmic star-
formation history (CSFH), and its role in galaxy evolution. It is
now established that star formation in the Universe has followed
a particular evolution, rising steeply since the Big Bang, reaching
a peak between redshifts z = 1.5 and z = 3, and steadily declin-
ing since (e.g., Madau et al. 1998; Pérez-González et al. 2005;
Li 2008; Madau & Dickinson 2014, for a review). Observations
at different wavelengths are necessary to probe the total star-
forming activity of galaxies, especially at high-z, where it was
proven that star formation is increasingly dust-obscured (Chary
& Elbaz 2001; Le Floc’h et al. 2005). In the pre-Herschel era,
studies utilizing restframe UV to mid infrared (MIR) photometry
have highlighted the existence of a tight correlation between stel-
lar mass (M?) and star-formation rate (SFR) (e.g., Noeske et al.
2007; Daddi et al. 2007; Elbaz et al. 2007), commonly addressed
today as the “main sequence” (MS) of star-forming galaxies
(SFGs). More recently, thanks to Herschel it has been made pos-
sible to observe and characterize the bulk of star-forming activ-
ity in the far infrared (FIR) up to relatively high redshifts (e.g.,
Rodighiero et al. 2010; Buat et al. 2010; Reddy et al. 2012a), and
to better constrain the MS and galaxy properties, and their evo-
lution with z (e.g., Rodighiero et al. 2011; Pannella et al. 2015;
Schreiber et al. 2015; Tomczak et al. 2015).
Traditionally, the SFR in a galaxy is estimated through the
conversion of fluxes measured in certain wavelength intervals or
nebular line emission measurements (e.g., Erb et al. 2006; Reddy
et al. 2010; Peng et al. 2010), with the most popular calibrations
found in Kennicutt (1998). Today, thanks to the broad coverage
of the electromagnetic spectrum made possible by observatories
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like HST, Spitzer, Herschel and many others, the joint consider-
ation of the dust-obscured UV-inferred and the IR-inferred SFRs
allows to properly assess the total star formation that occurred
over the past hundred million years or so, prior to the observa-
tion.
A common method to characterize the stellar population of
a galaxy and constrain its physical parameters (such as M?, age,
attenuation, etc.) is to perform spectral energy distribution (SED)
fitting of its photometry. Various approaches exist for that, and
usually some assumptions are made on the star-formation his-
tories (SFHs) and extinction laws that can impact more or less
the estimation of the parameters (some studies highlighting this
fact using various samples are: Michałowski et al. 2012; Reddy
et al. 2012b; Wuyts et al. 2012; de Barros et al. 2014; Sklias et al.
2014, among others).
When considering variable SFHs, past studies often opted
preferably for SFHs with exponentially declining SFRs. Such
SFHs are a “natural” choice when working in the low-z Uni-
verse (z . 1) as they follow the cosmic trend, but for higher
redshift galaxies, many authors argue based on both theoretical
and observational considerations that rising SFRs are best suited
to characterize them (Papovich et al. 2004; Pannella et al. 2009;
Renzini 2009; Maraston et al. 2010; Finlator et al. 2011). When
variable SFHs are used in SED fitting, the inferred ongoing SFR
(the instantaneous value provided by the SED fit) can often be
very different from the observation-inferred SFR (e.g., Wuyts
et al. 2011; Reddy et al. 2012b; Schaerer et al. 2013). Indeed, de-
generacies between age and extinction, or age and the e-folding
timescales can emerge and cast uncertainty on the rest of the
parameters and the SFH. A purely observation-based approach
is not hindered by this as the SFRs, mass, and attenuation can
be estimated to a first order by the observations themselves, but
not much insight on the SFH can be obtained from that. Some
studies tackle this issue by imposing a maximal age or slowly
evolving timescales to obtain plausible quantities (in terms of
age for example, Maraston et al. 2010; Buat et al. 2012) or a
better agreement between the observation-inferred and the SED-
inferred SFRs (Wuyts et al. 2011).
In the present work we wish to explore the question of vari-
able SFHs in a slightly different approach. By working on a rel-
atively large sample of galaxies individually detected with Her-
schel at z > 1 we have access to the two main observables from
which the SFR is traditionally estimated, namely the UV and
IR luminosities. With little limitation on the choice of SFHs, we
aim to produce stellar populations that are coherent with these
observables, by imposing energy conservation in the fitting pro-
cedure. In this way we are not limited in aiming to reproduce the
observation-inferred SFRs, although this is expected to happen
for the fraction (or majority) of the sample for which the assump-
tions in calibrations such as that of Kennicutt (1998) hold true.
By allowing even rapidly varying SFHs we explore to which ex-
tent we find solutions that are different than the Kennicutt in-
ferred values, while remaining plausible concerning the repro-
ducibility of the observables. We focus on the effect the prior
knowledge of the IR luminosity (LIR) can have on the traditional
SED fitting procedures and on the characterization of the galax-
ies’ stellar population properties, and explore how the IR con-
straint helps in breaking degeneracies like the ones mentioned in
the previous paragraph.
A central question we wish to address in this work is the
following: do galaxies tend to follow – statistically speaking –
the trend of the CSFH on an individual level? Can we, with the
help of the IR-constraint and the rich multi-wavelength photom-
etry, distinguish preferences in the type of SFH best fitting our
sources, depending on their observed redshift? Ultimately, how
does the IR-constraint affect the SFHs best characterizing the
stellar populations of our sources, and what can we learn about
timescales, in absence of spectroscopic information (i.e., nebu-
lar emission measurements that allow to probe timescales well
below the order of 100 Myr)?
We do not attempt to produce a reanalysis of the MS or its
evolution; we use the latest MS parametrization of Schreiber
et al. (2015) as reference, to describe our models in the M?– SFR
plane and as a function of redshift. The adopted MS is shown
in Fig. 1 together with other recent parameterizations from the
literature (Daddi et al. 2007; Behroozi et al. 2013; Speagle et al.
2014). Based on the definition by Rodighiero et al. (2011), galax-
ies found within 4 times the SFR of their corresponding MS are
considered MS galaxies and those above it, starbursts. In our
energy conserving models, we define a third category that we
find of special interest, the sources for which their SED-inferred
SFR is found to be 4 or more times smaller than the classically
UV+IR inferred value and that are mainly below the MS. For
simplicity, we label them as “quenching”. Later on, we discuss
more in detail the choice of this definition, and the context from
which it emerges.
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Fig. 1: Various calibrations of the SFR – Mass relation at z ∼ 2,
corrected for IMF differences. The hatched area indicates the
band 4 times above and below the relation (presently that of
Schreiber et al. 2015), in which we consider sources as MS
galaxies.
Our paper is organized as follows: in Sect. 2 we describe the
sample used for this work, and in Sect. 3 we present the SED
fitting method, the explored SFHs, and definitions. In Sect. 4,
we go through the results by first discussing how well the LIR
is reproduced before and after the IR information is used as a
constraint and how the physical parameters are affected by this.
Then we discuss the timescales and the general picture of star
formation as shaped by our method, and the trends between the
different SFHs and other parameters such as M? and z. Impli-
cations of the results are discussed in Sect. 6, notably on how
the galaxies would evolve if their SFH followed the trends we
observe in the solutions with rising SFRs, how the sample in its
whole is perceived to have evolved since the very early Universe
with the SFHs we obtain, and lastly a discussion on the quench-
ing sources and the possibility of their spectro-photometric dis-
crimination from the main population of actively star-forming
galaxies. Our summary and conclusions follows in Sect. 7. Fi-
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nally, there are two short appendices, one that discusses the ro-
bustness of the obtained solutions, and one presenting examples
of SED fits, to illustrate how the explored approach impacts the
fitting and interpretation of our sample and to highlight some of
the discussed aspects.
For our mass estimates we use a Salpeter IMF, from 0.1 to
100 M. We adopt a Λ-CDM cosmological model with H0=70
km s−1 Mpc−1, Ωm=0.3, and ΩΛ=0.7.
2. Observations - Selection
We use the public GOODS-Herschel (Elbaz et al. 2011) source
catalogs for both GOODS-N and GOODS-S fields. For GOODS-
N the catalog consists of Ks-band detected sources with Her-
schel counterparts (the details for its creation and the sources of
the various bands used can be found in Pannella et al. 2015).
The optical data are from the Subaru’s Suprime-Cam bands
BVRIzY, complemented by KPNO’s U-band, and the NIR data
are from CFHT’s Wircam, Subaru’s MOIRCS and Spitzer’s
IRAC (all available bands). For GOODS-S we use the cata-
log of the official CANDELS release (Guo et al. 2013), cre-
ated from H-band detected sources. The utilized bands in our
work are the U-band from CTIO and VLT/VIMOS, HST/ACS
and WFC3’s F435W, F606W, F775W, F814W, F850LP, F105W,
F125W, F160W broad bands and the F098M medium band, the
Ks bands from ISAAC and Hawk-I, and again all IRAC bands.
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Fig. 2: UVJ diagram of the Herschel-detected sources with z ≥
1.2. The restframe magnitudes are obtained by photometric inter-
polation and originate from the work of Schreiber et al. (2015).
The line separating the actively star-forming sources (bottom-
right) from quiescent (top left) is the Williams et al. (2009)
adopted definition for z ∈ [1, 2].
We select all sources with a spectroscopic redshift zspec ≥ 1.2
as well as objects with well-defined photometric redshifts zphot
≥ 1.2 (cf. Sect. 3). The zspec measurements are from Barger
et al. (2008) and Stern et al., in prep. for GOODS-N, and from
Mignoli et al. (2005), Cimatti et al. (2008) and Vanzella et al.
(2008) for GOODS-S. The choice of z = 1.2 as the minimum
redshift allows for the best sampling of the UV emission, that
is sufficiently redshifted to the available observing bands. This
way accurate estimations of the UV luminosity (LUV) can be
made for all sources. We do not wish to reduce our selection to
actively star-forming galaxies only, as we are also interested in
modeling IR-bright galaxies that might undergo more moderate
star formation. To that end we do not de facto exclude sources
that are classified as quiescent by the UVJ color-color criterion
of Williams et al. (2009)1. Based on this criterion 8% of the se-
lected sources qualify as quiescent, but marginally, not forming
a separate group on the U − V vs V − J plane (see Fig. 2). An
important fraction of them is also located at z ≥ 3 which is very
unlikely for non-AGN Herschel-detected sources. Misclassifica-
tions are expected because of the uncertainties in the UVJ colors
(Schreiber et al. 2015), which evidently increase with z. How-
ever, at z ≤ 1.5 a small fraction of weakly star-forming galaxies
is expected to be detected with Herschel. We thus start with the
complete sample of Herschel-detected sources, which includes
753 sources, 365 sources with zspec. The redshift distribution is
shown in Fig. 3.
Our sample is Herschel-selected, meaning we require at least
one detection in either PACS or SPIRE bands. All galaxies
are detected in the Spitzer MIPS 24µm band by construction,
since the Herschel photometry was extracted using the position
of 24µm detections as prior information. As Herschel’s SPIRE
bands have very coarse resolution and hence the photometry of
some sources can be significantly blended, we do not use this
instrument’s photometric data for sources that are flagged as
“non-clean” (according to the criterion introduced by Elbaz et al.
2011).
In total, up to seven bands in the MIR-FIR are available to
derive the luminosities: Spitzer’s 16µm and 24 µm, and Her-
schel’s 100, 160, 250, 350, and 500 µm bands.
Naturally, a sample constructed in this way is luminosity-
limited, which introduces a bias toward high LIR at high z. The
sample is not meant to be mass-complete, especially at higher z,
so it cannot be considered as being representative of all galax-
ies or star formation across various redshifts. Being that we re-
quire the galaxies to be individually detected by Herschel, this
yields a sample with a larger fraction of starbursts than in a mass-
selected sample (e.g., Rodighiero et al. 2011). Schreiber et al.
(2015) present a more detailed discussion on the matter of the
bias of individually detected galaxies against the general popu-
lation. However, its study allows for some insightful comments
in the more general behavior of star-forming galaxies as will be
discussed later on.
For the SED fits described below, we have imposed a mini-
mal error of 0.1 mag to all data. Although for some observations
(e.g., in the HST bands) the precision is better than this, it is more
appropriate to account for the uncertainty on the calibration and
other aperture corrections when combining the photometry from
many different instruments.
3. Method
3.1. SED modeling
We used a modified version of the Hyperz photometric redshift
code of Bolzonella et al. (2000), described in Schaerer & de Bar-
ros (2009, 2010); Sklias et al. (2014). Primarily designed to de-
rive redshifts from broad-band SED fits of UV to NIR photom-
etry, our version is adapted in order to use data up to the sub-
1 The removal of such sources is important in studies using the stack-
ing of sources (as in Pannella et al. 2015; Schreiber et al. 2015; Tomczak
et al. 2015, among others) to reach fainter luminosities and more mass-
complete samples. If the quiescent sources are not removed then, the
stacked flux is “diluted” incorrectly. In the present study, this is not an
issue as we focus only on individually detected sources.
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Fig. 3: Redshift distribution of the initial sample, with in blue
the zspec’s. Sources are selected above z ∼ 1.2 and reach out to
z ∼ 4.7. The photometric redshifts used are obtained from the
present work.
millimeter range with corresponding templates of UV to submm
defined libraries. It also has the ability to include line emission
when performing stellar population SED fitting.
Overall we followed the approach of Sklias et al. (2014), per-
forming separate fits of the stellar and dust emission. Stellar pop-
ulation SED fitting is done using the Bruzual & Charlot (2003)
library (BC03, hereafter), using variable star-formation histories,
including constant SFR (CSFR hereafter), exponentially declin-
ing and rising (sometimes called direct-τ and inverted-τ mod-
els in the literature, respectively, for example, Maraston et al.
(2010)), and delayed ( ∝ t/τ · e−t/τ), with various e-folding
timescales2 τ, starting at 30 Myr. For all our stellar SED fits we
fix a minimal age of 50 Myr for the populations, to avoid ex-
tremely young solutions deemed unphysical in comparison with
the dynamical timescale of galaxies (Reddy et al. 2012b; Wuyts
et al. 2012). This and the maximal age allowed at a given z by
the age of the Universe are the only priors applied, and the steps
in τ and t have flat probability distributions. We note that these
choices do not limit in any way the reproduction of the pho-
tometry of IR-bright galaxies; extremely young ages can be of
use in UV-selected samples (e.g., de Barros et al. 2014), and
the non-impact of τ values below 30 Myr is discussed in Sect.
4.3. From this we obtain stellar masses, ages (defined the age as
the time passed since the beginning of star formation), LUV, the
UV continuum slope β, and instantaneous SFR values. The UV
luminosities that we use in our analysis are taken as λ · Fλ, av-
eraged over 1400-2200 Å, with λeff = 1800 Å, and the slope β
over the interval of 1300-1800 Å. The measure of β from SED
fits is model-depended to a certain extent, as it can be affected
by the SFH, the attenuation law, and also on the wavelength in-
terval considered For this reason they should not be considered
as substitutes of spectroscopically-measured slopes. In Sect. 4.1
we compare our estimates with the slopes obtained thanks to the
method proposed by Finkelstein et al. (2012).
Throughout the text we use the abbreviations DECL, RIS,
DEL, and CSFR, for the declining, rising, delayed, and constant
SFR SFHs mentioned, respectively. The stellar populations pro-
duced as described above are referred in the text as single com-
ponent populations, in contrast with multiple-component popu-
lations, or SFHs superimposed with bursts used in other works.
They are not to be confused though with what is often defined as
2 The available timescales for each SFH are: [0.03, 0.05, 0.07, 0.1, 0.3,
0.5, 0.7, 1, 3] Gyr for the declining; [0.03, 0.05, 0.07, 0.1, 0.3, 0.5, 0.7,
1, 2, 3, 4, 5] Gyr for the delayed; and [0.03, 0.05, 0.07, 0.1, 0.3, 0.5, 0.7,
1, 2, 3] for the rising.
simple stellar population (SSP) in the literature, which refers to
a population issued from an instantaneous burst at a given time,
without any star formation occurring afterwards. Dust attenua-
tion is applied following the Calzetti law (Calzetti et al. 2000)
on the whole sample and for the main body of this work. The
Small Magellanic Cloud (SMC) and Milky Way laws (Prevot
et al. 1984; Seaton 1979, respectively) have also been explored
for a small subsample for which the former yielded some incom-
patible results (Sect. 6.3). For all our fits the metallicity is kept
to Z to avoid the degeneracies that rise from leaving it a free
parameter. IR-bright galaxies with important amounts of dust
are not expected to have ongoing star-formation of metal poor
stars. However, Pannella et al. (2015) show in their work that
a metallicity evolution does exist with z and the LIR/LUV ratio
for such galaxies. Using the fundamental metallicity relation of
Mannucci et al. (2010) we have checked that 90% of our sample
is confined in the range of 12 + log(O/H) = [8.4, 8.9], that is,
ranges from slightly sub-solar to super-solar.
The redshifts were fixed to zspec for the spectroscopically
confirmed sources. For the others, we performed an additional
step where we first fit the SED to derive zphot. The redshift range
for this is from 0 to 5 (no Herschel detections are expected be-
yond that). The relative accuracy we reach for the sources with
zspec (defined as ∆z = (zphot − zspec)/(1 + z)) is less than 1%,
with 8% of sources having ∆z ≥ 0.2. Sources without a zspec for
which the zphot’s obtained from fits with different SFHs varied
substantially (shallow or multi-peaked probability distributions,
with typical 68% widths reaching 0.1 in z) were excluded from
the study (about ten objects, mostly faint and with poor photome-
try). In the following, the redshift of each galaxy was fixed either
to its zspec when available, or to the zphot of the best fit otherwise.
This is important as redshift must not vary between the stellar
emission fits and the IR fits, for the LIR estimates to be accurate
and coherent.
A central point of the present work is that we performed two
kinds of fits on the stellar emission of the sample (covering the
range from the U-band to IRAC 8 µm), and explored how the
derived parameters are affected by the prior knowledge of the
observed LIR:
a) SED fits that use extinction as a free parameter (χ2ν mini-
mization), with AV ranging from 0 to 4, in steps of 0.1. This
is the most common way SED fitting is performed on UV-
NIR photometry in the literature (e.g., Schaerer & de Bar-
ros 2009; Maraston et al. 2010; Wuyts et al. 2011; Schreiber
et al. 2015)
b) SED fits where the extinction is fixed for each source through
the observed LIR/LUV ratio to ensure energy balance be-
tween the stellar model and the IR luminosity (as presented
in Sklias et al. 2014). The LIR/LUV ratio is known to be an ef-
fective tracer of UV attenuation (e.g. Burgarella et al. 2005;
Buat et al. 2010, 2012; Heinis et al. 2013). By making use of
the relation between LIR/LUV and AUV presented in Schaerer
et al. (2013), and by assuming a given extinction law, we
constrain Av within 0.1 mag, in order to produce solutions
that account for the observed LIR. In Sklias et al. (2014) we
have shown that it can be very useful in breaking – at least
partially – the degeneracies that can occur when modeling
sources with variable SFHs.
Our version of Hyperz calculates the luminosity that is absorbed
by dust in the interval [912Å − 3µm]. Assuming basic energy
conservation, this luminosity is expected to be emitted in the IR
(f. Schaerer et al. 2013). It is what is referred hereafter as the
predicted LIR.
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Based on the available photometry from 16 to 500 µm, we
derived robust estimates of the observed LIR used for our energy
conserving fits, defined as the integrated flux over the restframe
interval [8− 1000] µm. To do so we used the following template
libraries:
– Chary & Elbaz (2001): a set of synthetic templates of varying
IR luminosity;
– Rieke et al. (2009): a set of templates containing observed
SEDs of local purely star-forming LIRGs and ULIRGs, and
some models obtained by combining the aforementioned;
– Vega et al. (2008): a set of templates produced from observed
LIRGS and ULIRGS, starburst dominated;
– Berta et al. (2013): a set of UV-to-submm Herschel-
motivated templates, created from various types of galaxies.
Multiple libraries were used to increase fit quality and for each
source the best fit to the IR photometry provides the observed
LIR. The values obtained in this way were compared to the ones
obtained by Pannella et al. (2015) and are in good agreement
with a mean offset of 0.03 dex and a standard deviation of ∼0.14.
After performing some fits on Monte-Carlo variations of the
shallower GOODS-N catalog, we note that 98% of the sources
have their LIR constrained with an uncertainty of less than ±0.2
dex (while 86% at less than ±0.1 dex), at the 68% confidence
level.
From the initially selected sample we retained a subsample
for which we obtained reasonably good fits, cutting at χ2 = 10
for the unconstrained extinction solutions applied on the CSFR
models3. That leaves us with 704 sources, about 93% of the sam-
ple, which are well fitted using the standard approach. Another
advantage of this cut is that it eliminated sources that are very
strongly affected by AGN. Indeed, for most of the redshift range
considered in the present work, in the presence of strong AGN
contamination the IRAC bands included in the stellar emission
fits cannot be fitted well by a pure stellar component, as they can
be increasing as a power law longwards of the 1.6 µm bump.
This leads to large χ2ν values that will therefore be flagged out
by our χ2ν selection introduced above. This cleaned sample of
704 sources is used in Sections 4.1 and 4.2.1 to explore how the
initially well-fitted sources fare in reproducing the LIR and how
the constrain on AV affects them. Later on, when we focus on
the energy conserving fits we apply a second cut on top of the
χ2ν selection. Our energy conservation approach does not allow
to accurately reproduce the LIR for all the sources in the sample
(this is discussed in Sections 4.2.1 and 6.3). For our analysis we
keep only the sources that reproduce LIR within ±0.2 dex, as mo-
tivated by the uncertainties in the estimation of the observed IR
luminosity. This leaves us with a final sample of 633 (84% of the
initial) sources which we will refer to as the energy conserving
sample hereafter. It is the focus of this work from Sect. 4.2.2 and
on.
3.2. Other definitions – tools
We use the redshift-dependent main sequence relation of
Schreiber et al. (2015) as our reference, notably for defining a
distance from the MS for each source (we take the geometrical
distance from the curve in the log(M?) – log(SFR) plane):
log(SFR[Myr−1]) = log(M?[M]) − 9.5 + 1.5 log(1 + z)
−0.3[max(0, log(M?[M]) − 9.36 − 2.5 log(1 + z))]2 (1)
3 The CSFR models yield on average the largest χ2ν’s as they have one
less degree of freedom with respect to the others.
The distance from the MS can be interpreted as a proxy for
the present-over-past SFR ratio, which is related to t/τ in expo-
nentially declining SFHs. In the present work instead of showing
SFR – M? diagrams typically used in the literature (e.g., Daddi
et al. 2007; Rodighiero et al. 2011; Schreiber et al. 2015) we opt
to present them under the form of MS-normalized SFR versus
M?, meaning that the SFR will be divided by SFRMS. This is
advantageous for several reasons: it eliminates the scatter due to
the width of the redshift spread of the sample, allows for the MS
to be highlighted for all redshifts, and to reveal immediately the
position of any given source in relation with the MS, which is
very useful to our discussion. It will be still referred to as the
SFR – mass diagram, for short. We also use the definition of
“starburstiness” as defined in Elbaz et al. (2011):
RSB = sSFR/sSFRMS (2)
where sSFR = SFR/M? is the specific star-formation rate. It
is a way to measure the distance at which a galaxy is from the
MS.
The SFRs obtained from the observed UV and IR luminosi-
ties, SFRUV and SFRIR, are based on the calibration of Kennicutt
(1998):
SFRUV(Myr−1) =
LUV(L)
3.08 × 109 , SFRIR(Myr
−1) =
LIR(L)
5.8 × 109
(3)
From the above, we take SFRUV+IR = SFRUV + SFRIR as the
observation-derived total SFR, which we confront to the SED-
derived SFRSED of our models.
4. Results
First, we examined how well fits to the stellar SED can predict
the IR luminosities and if/how the different SFHs affect the pre-
diction (Sect. 4.1). Then we focused on the energy conserving
models, their limitations, the impact on physical parameters and
the general landscape of star formation for our sample (Sect.
4.2), ages and timescales (Sect. 4.3), and the star-formation his-
tories (Sect. 4.4), where we explored in particular if the SFHs
best suiting our sample tend to follow the cosmic star-formation
history.
4.1. On the reproducibility of the observed LIR
In Fig. 4 we compare the observed and predicted LIR for each of
the SFHs we explore. Although the bulk of the sample is well fit-
ted in terms of χ2ν , reproducing the observed LIR’s does not work
for the whole sample. Depending on the SFH considered, some
34% to 42% of the sample matches the observed LIR’s within
0.2 dex. The slightly higher percentage is obtained with the ris-
ing and constant SFHs.
Models that allow for the SFR to decline (the declining and
the delayed) can lead to a strong underestimation of the LIR. This
behavior is found also for the constant and rising SFR models, al-
beit to a lesser extent. In all cases, the underestimation is strongly
correlated with the observed LIR, with the most IR-bright sources
having their luminosities strongly underestimated. The offset is
reasonably small up to luminosities of 1012L, allowing us to
correctly recover the LIR in this range, on average. This un-
derprediction also correlates with redshift, but as the sample is
luminosity-limited at high-z, and highest luminosity sources are
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found from z ∼ 2 and on, this trend is less striking. From the
modeling perspective, this underprediction of the LIR is linked
to the fact that the preferred solutions apply less extinction than
what would be needed to match it. We also note (Fig. 4, color in-
dicates χ2ν) that the high luminosity sources tend to be less well
fitted than the rest.
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Fig. 4: Ratio of predicted/observed LIR vs observed LIR for the
four SFH models explored, with the extinction fitted as a free
parameter. Color indicates χ2ν , dark blue is χ
2
ν . 0.5 and dark red
is χ2ν & 10. The tendency to underestimate the observed LIR is
more pronounced when the SFR is allowed to decline (declin-
ing and delayed models). This behavior correlates with LIR. The
highest luminosity sources are also less well fitted in terms of
χ2ν .
Observationally speaking, this underestimation of LIR in the
fits is linked to the fact that the concerned sources tend to have
bluer slopes than what one expects from their luminosities. Fig. 5
shows the so-called IRX-β diagram, where IRX = log(LIR/LUV),
is plotted against the UV slope β. IRX is computed from the
observed luminosities, and the colorbar shows the ratio of the
predicted versus observed LIR (left) and the extinction AV (right)
for each source (AV here is a free parameter, to explore how the
IR predictions are distributed on this plane). For convenience we
used the predicted values from the CSFR models, other models
give quite similar distributions4. Indeed, we can see that most
of the sources with the highest underestimation are found on the
left-most part of the IRX-β plane (blue-colored points), whether
for a moderate or a high IRX ratio. Although all sources in this
IR-selected sample have quite high IRX ratios, the ones with the
strongest LIR are rarely the ones with the strongest IRX, but are
intrinsically systems larger in size. To put it in similar words
as presented by Oteo (2014), for typical UV-slopes (i.e., not the
extremely red ones beyond β ∼ 2), we see more IR emission
at a given β than what is expected from galaxies in the local
Universe. In Fig. 5b we see that AV (obtained from the UV-to-
NIR fits) correlates with IRX at first order, but we can see that
at the left of the (Meurer et al. 1999, M99 hereafter) relation,
sources with same extinction as on the relation can be found
4 The CSFR models, being that they have one degree of freedom less
than the rest, offer a more visual illustration of the way the highlighted
parameters (predicted LIR and AV) behave. The same tendencies are
present in the other models, but can be less pronounced or more noisy.
at higher IRX, up to almost 1 dex. This indicates that an in-
creased IRX does not always correspond to an overall stronger
dust attenuation. In fact, the also plotted Takeuchi et al. (2012)
relation (revised version of the M99, corrected for aperture ef-
fects), acts more like a lower envelope for ULIRGs. Studies have
shown that IR-selected or otherwise very IR-luminous galaxies
often lie above the Meurer relation, both in the local Universe
(Goldader et al. 2002; Howell et al. 2010), and at high-z (Reddy
et al. 2010; Penner et al. 2012; Casey et al. 2014). Casey et al.
(2014) in particular have studied a large Herschel-selected sam-
ple in the COSMOS field (Scoville et al. 2007) and notice indeed
that the majority of their sources lie above the Meurer relation.
Their sample of star-forming galaxies is more high-LIR biased
than ours (as COSMOS is shallower than GOODS), and occu-
pies about the same area on the IRX-β diagram as our brightest
sources.
This, combined to the fact that they are fitted with less extinc-
tion than same IRX sources on the Meurer relation is strongly
suggestive that their UV spectrum is dominated by less obscured
stars, that cannot account for the IR emission. Casey et al. (2014)
attribute this to young blue stars originating from recent star for-
mation and patchy dust geometry. We have examined the image
data of ∼ 30 sources that underpredict the IR by the largest fac-
tor. A few are in crowded environments in the image plane, that
might cause some blending in the Herschel fluxes which may
not be properly accounted for, but this cannot be the explanation
for all of them. They share no common traits in terms of geom-
etry, among the few that are resolved enough, some seem to be
perturbed-asymmetrical objects, while others are disk-like. Of
course, AGN contribution cannot be excluded either, although
we are confident in having removed the strong AGN-dominated
sources. A possibility also exists, that some may result from for-
tuitous alignments of unresolved background IR sources, mag-
nified by lensing, something that can occur with ∼ 1013L de-
tections (e.g. Vieira et al. 2013).
We note that sources for which energy conservation occurs
“naturally” (i.e., that reproduce the observed LIR before con-
straining the extinction, green points in the diagram) are mostly
distributed about the Meurer and Takeuchi relations. On the
other side of the Takeuchi relation, we find most of the sources
that tend to overestimate strongly the IR emission, that overall
are a small number (red points in the plot). After verification we
note that they are largely very well constrained, very red sources,
at redshifts below 2. It should be noted that in part the overpre-
diction is due the CSFR models, and that many of the sources on
the right of the Takeuchi relation do not overpredict (or not to the
same extent) the LIR when fitted with the declining SFHs, and as
will be specifically discussed in Sect. 4.3 and 6.2, these sources
are better fitted with declining models. The seemingly extreme
values of β (β ≥ 4) on the right of the diagram are mostly sources
with no detections/upper limits on their restframe UV slopes, so
their β are ill-constrained. This is also the case for sources with
very high IRX (above ∼ 4), that have very few detections in the
UV-optical bands.
At this point, we wish to make a small discussion on our esti-
mations of β, so that meaningful comparisons with other studies
more specific to the UV emission and slopes can be made. Fol-
lowing Finkelstein et al. (2012), we have performed power law
fits on the UV continuum of our obtained SEDs, with the help of
the UV windows defined by Calzetti et al. (1994) to avoid the ab-
sorption features present in the 1250 – 2600 Å interval. We note
a mean difference between the slopes measured by Hyperz and
the aforementioned method of -0.66, with a small standard devi-
ation of 0.38, which is acceptable given how estimates can vary
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Fig. 5: Left: IRX-β diagram of our sample (χ2ν cut applied on the free AV models), with the colorbar indicating the ratio between
predicted and observed LIR’s. Also shown are the Meurer et al. (1999) relation (dashed) and its more recent revision by Takeuchi
et al. (2012) (solid). Surprisingly, although the sample is IR-selected, it shows a wide range of UV slopes, with an important number
of sources appearing “too blue” for their LIR/LUV ratios. We can see that the sources for which the LIR is most underpredicted (blue
in the colorbar), are found predominantly on the left of the diagram, meaning they have the bluest slopes. Right: Same diagram,
this time colored according to the extinction AV for the same model. Sources on the left of the Meurer relation tend to have less
extinction than those at same IRX on the relation.
depending on the method used (Finkelstein et al. 2012). This dif-
ference shows dependence on β, with the bluer slopes showing
less difference and scatter between the two estimates than the
redder ones. The resulting effect on the IRX-β plane is a slight
systematic shift bluewards, which does not change how the high-
lighted parameters (predicted LIR and AV) are distributed, and is
always compatible with the discussions on the β slopes of high-
LIR sources discussed in the present Section.
4.2. How does the LIR constraint affect the physical
parameters?
We now examine how physical parameters derived from SED
fits change when energy conservation is taken into account. Sect.
4.2.1 starts with a discussion on the feasibility and limitations of
the method we explored. Next, we discuss changes in the SFR
– mass plane, the SFR indicators, and SFHs. Subsequently, we
will separate galaxies into normally star-forming galaxies and
starburst (SB) galaxies and refer to them as MS galaxies and
starbursts, respectively. The distinction is made based on the
distance from the MS that corresponds to the redshift of each
galaxy. Galaxies found with an SFR within 4 times (0.6 dex) of
their corresponding main sequence (Rodighiero et al. 2011) are
considered MS galaxies, and those above it, starbursts. Galax-
ies found below the main sequence are also discussed, as they
present a particular interest.
4.2.1. Consistency check of simple energy-conserving
models
To start, it is important to make a remark on the “feasibility”
of our energy conserving fits. Fixing the extinction to the ob-
served IRX-inferred value does not guarantee a perfect match
−1.0
−0.5
0.0
0.5
1.0
lo
g
(L
IR
,p
re
d
/L
IR
,o
b
s) DECL DEL
11.0 11.5 12.0 12.5 13.0
log(LIR,obs)
−1.0
−0.5
0.0
0.5
lo
g
(L
IR
,p
re
d
/L
IR
,o
b
s)
RIS
11.0 11.5 12.0 12.5 13.0 13.5
log(LIR,obs)
CSFR
1
2
3
4
5
6
7
8
9
10
χ
2 ν
Fixed AV
Fig. 6: The ratio of predicted over observed LIR plotted against
observed LIR for the fits where the extinction is constrained by
LIR/LUV. The dashed lines represent the 0.2 dex threshold we set
for the reproduction of the LIR. Color indicates χ2ν , as in Fig. 4.
We can see that this tendency of underpredicting LIR persists in
the ULIRG and HyLIRG regime, and they also suffer a deterio-
ration of their fit quality, indicating that the extinctions derived
from LIR/LUV are ill-adapted for these sources.
for the reproduced LIR. Hence, our aim is to reproduce it within
a reasonable scatter for the bulk of the sample. Our method suc-
cessfully reproduces between 83% and 86% (depending on the
SFH) of the sample’s LIR’s within a margin of ±0.2 dex. Fig. 6
shows the comparison between the predicted and observed LIR’s,
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in the same way as Fig. 4, but for the energy conserving fits. In
contrast, when leaving the extinction unconstrained, this frac-
tion is 30-40%, and we have seen that there is a tendency to
underpredict LIR in Sect. 4.1, which increases with the observed
IR luminosity. In the energy-conserving fits this tendency is re-
duced, but persists at high LIR, with a fraction of successfully
reproduced LIR’s down to ∼ 60% for log(LIR) ≥ 12.5. All SFHs
yield similar results on the whole sample: the same sources stand
out at the high LIR end for each of them, and are equally poorly
fitted (red colored in Fig. 6, the same subsample as Fig. 4 is
shown). This shows that our approach is not appropriate for mod-
eling these sources, which may require more complex hypothe-
ses than the ones made here. Such could be varying extinction
laws, or combinations of stellar populations with different at-
tenuations, where for example, the UV and IR emitting regions
wouldn’t necessarily overlap, and hence the energy conservation
hypothesis would not hold anymore. For example, laws grayer
than Calzetti’s could better account for the observed conflict be-
tween the UV slopes and the LIR, as suggested by Salmon et al.
(2016) for some of their z ∼ 2 IR galaxies. The fact that our
LIR/LUV-inferred extinction leads to a persisting underestima-
tion means that it is insufficient to account for such IR emission.
In the same time, the large χ2ν’s for these fits, are mostly due to
the UV-visible necessitating less extinction than the fixed value.
This incompatibility is a coherent consequence of using a sin-
gle component population in our fits. With both the UV and IR
being very bright, the observed IRX is too small to help predict
all of the LIR, and simultaneously imposes more extinction than
what the emerging UV emission goes through. This assessment
strengthens the hypothesis that different stars or stellar popula-
tions are responsible for the respective UV and IR emission. We
present a selection of SED fits for sources that have this behav-
ior in Fig. B.3 of the appendix B, to help visualize the preceding
remarks.
Specifically for the presently discussed sources with bluer-
than-expected colors and strongly underpredicted LIR’s we have
also conducted SED fits without the age prior to explore solu-
tions with extremely young ages, as their intrinsically bigger
UV budget can in theory allow for higher LIR when processed
by dust. We observe that this provides somewhat improved fits
for a small number of sources (15% of the discussed subsam-
ple), both in χ2ν and matching the LIR, with ages of 10 – 30
Myr, but does not affect the rest of the subsample even when
ages below 50 Myr are preferred. Tests with lower metallicity
(Z) have also been conducted to exploit the full capabilities of
the BC03 library, since such low-Z stars emit more UV. Notable
changes in the predicted LIR (up to 0.5 dex for some) occurred
only with very low Z = 0.02Z, which conflicts with the related
aspects discussed in the introduction, in particular the expected
metallicity from the FMR relation, and the fact that our sources
are dust-rich. These very low-Z solutions however could be one
more argument about multiple stellar components, since recent
evidence shows the possibility of having different metallicities
among clumps of high-z SFGs (e.g., Sobral et al. 2015).
As a consequence of the remarks above, our approach should
not be extended to sources with log(LIR) ≥ 12.5 without check-
ing that the observables are reproduced. For the points made in
the following sections of this study, we restrict our sample to
the 633 sources (84% of total), that are not concerned by this
issue. We note in passing that the majority (77%) of the sources
discarded due to the aforementioned are starbursts. Indeed, al-
though the success rate of achieving energy conserving fits with
our method is of 96.5% for MS sources, it decreases to 79% for
the starbursts.
4.2.2. The normalized SFR – mass diagram
From now and on, we focus on the energy conserving sample,
meaning the subsample that successfully meets our χ2ν criterion
and reproduces the observed LIR within ±0.2 dex. In order to bet-
ter discuss and illustrate how the LIR constrain affects the mod-
elization of the sample, the figures shown will often show two
panels, one before applying the constrain (free AV) and one after
(fixed AV).
Fig. 7 shows the normalized SFR – stellar mass diagram
with SED-inferred quantities, before (left) and after (right) con-
straining the extinction as prescribed in Sect. 3.1. The colorbar
indicates the redshift of the sources. The SFR of each source
is normalized by the main sequence at its corresponding z and
mass. In this way, the solid line indicates the position of a z-
independent MS, and the dashed lines the distance 4 times (0.6
dex) from it, below which a source is considered being part
of the MS. We recall here that given the nature of our sample
(Herschel-selected) we are naturally biased toward higher mass
galaxies and/or starbursts at z > 1, leaving out the moderately
star-forming low-mass galaxies that made it possible to constrain
the MS at z ∼ 1 − 2 down to M? ≤ 1010M (Schreiber et al.
2015), as apparent in Fig. 7.
Allowing for variable SFHs in the SED fitting procedure
of the stellar photometry produces a larger scatter around the
main sequence (Schaerer et al. 2013), as the SFR – mass rela-
tion will depend on more parameters than assumed in standard
calibrations (Kennicutt 1998). In particular, the possibility of a
declining SFR can cause fitted galaxies to occupy space below
the main sequence, as can be seen in the left panel of Fig. 7.
As a result the instantaneous SED-inferred SFRs (SFRSED, here-
after) are found to underestimate the observation-inferred ones
from the UV and IR (as also shown in Fig. 10 (left), Sect. 4.2.4).
Such solutions describe older (often > 1Gyr), non-star-forming
populations, close to becoming “red and dead” galaxies. This is
the consequence of the age-extinction degeneracy that can oc-
cur when fitting red galaxies. In the described cases, we find
most of the strongly underpredicted LIR’s. These models have
an insufficient quantity of young massive stars and dust, hence
the absorbed UV luminosity is modest. Since in reality, by con-
struction of our sample the sources are very IR-luminous, the
non-star-forming - ageing populations are to be discarded as non
physical.
This is where our energy-conserving fits come into play,
where we impose a minimal extinction necessary to reproduce
the observed LIR as described in Sect. 3.1. As it can be deduced
from the above, the action of fixing the extinction based on the
IRX ratio gives on average higher AV values than the ones the
best fits choose when it is a free parameter. This has a strong im-
pact on the SFRSED’s, with most of those that previously showed
very low rates being increased, as shown in Fig. 7 (right). Other
effects are a slight reduction of the masses and ages (discussed
further in Sect. 4.3). It can be seen in the right panels of Fig. 7
that the space below the MS is less populated (with the exception
of some low-z sources that we will discuss later). In the high-z
end, more sources occupy the SB regime, in agreement with the
IR-derived SFRs. Although the MS still remains somewhat scat-
tered, a majority of about 70% of the sample is distributed close
to it, especially at lower z where the sample is more representa-
tive of a the general population.
Figure 8 shows the distribution of RSB (cf. Eq. 2), called star-
bustiness. It illustrates the scatter around the main sequence. The
data plotted in red are obtained with the derived quantities (M?
and SFR) from our best fit SEDs to the sample. We can see that
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Fig. 7: Normalized SFR – M? diagrams before constraining the extinction from the IRX ratio (left), and after (right). The top panels
are colored by SFH, while the bottom ones are colored by redshift. For each source, only the preferred SFH is plotted (diamonds
for declining, triangles for rising, squares for delayed, and circles for CSFR models). When the extinction is a free parameter we
see that many of the sources are best fitted with models of reduced star formation, and hence can be quite below the MS (marked
here by the solid black line, while the dashed lines show the distance 4 times from it).
the scatter in the unconstrained extinction fits (top) is significant,
as discussed earlier in this section. It is more reduced when the
extinction is constrained, mostly below the MS. The thin dashed
line denotes the ratios based on SFRIR + SFRUV and the masses
from Pannella et al. (2015) that served (together with stacked
sources in the low luminosity end) to produce the main sequence
in Schreiber et al. (2015), hence is the “canonical” minimal scat-
ter.
4.2.3. Masses
Although the SFR – mass diagram changes noticeably between
before and after constraining AV, the overall distribution of the
stellar masses is impacted very little, as shown in Fig. 9. The
means are log(M?/M) = 10.62 for the unconstrained fits (top),
and 10.53 for the energy conserving fits (bottom), which puts the
overall decrease at . 0.1 dex. The standard deviation undergoes
a negligible decrease. The median masses of the distributions
are sensibly equal to the means with a precision of 0.01 dex. The
effect of fixing the AV is somewhat mass dependent though, with
the massive-end galaxies tending to have lighter masses in the
energy conserving fits, and the low-mass end becoming slightly
heavier.
What also does not affect the masses are the different SFHs,
as for most of the sample the restframe 1 to 2 µm emission is well
constrained by numerous bands. Regardless of whether consider-
ing rising or declining models, the masses obtained are the same
well within usual uncertainties, with a mean difference of 0.02
dex between the two, and a standard deviation of 0.14 (improved
from 0.24 when imposing energy conservation).
We have compared the masses that we obtained with the
unconstrained extinction fits (similar to what is usually done
in the literature) with other estimates as a test of the accuracy
of our solutions. Specifically, we compared the masses of the
GOODS-North subsample with the masses derived in Pannella
et al. (2015), as we share the exact same photometry extracted
for that work, and find a small systematic offset, our median
mass is ∼ 0.1 dex lower. This difference is strongly reduced if
we compare fits without line emission. For GOODS-South we
compared to the reference masses of CANDELS (Santini et al.
2015), for which we have similar conclusions: among our mod-
els the masses that are best matching the reference values are
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Fig. 8: Starburstiness (RSB) distribution of our sample, represen-
tative of the scatter around the main sequence, prior to constrain-
ing the extinction (top), and after constraining it to ensure energy
balance (bottom). The thin dashed line denotes the ratios ob-
tained with the SFRs inferred from LIR and LUV. The scatter is
reduced when the extinction is constrained, especially below the
MS (situated at zero in the plot). The sources remaining below
it (green line) are discussed in Sect. 4.2.4 and on. The dashed
magenta line shows the sources qualifying as starbursts, based
on their distance from the MS.
obtained when excluding nebular emission and imposing a min-
imal age of 100 Myr. Otherwise, our mass distribution is within
the scatter found when comparing to the various methods/codes
used to produce the reference values. The median mass of our
unconstrained models is < 0.1 dex lower from that of the CAN-
DELS masses in GOODS-South.
Comparing the masses of the energy-conserving models with
the reference values respective to the two fields, only brings a
median difference of ∼ 0.2 dex in GOODS-North and ∼ 0.15
dex in GOODS-South. The difference between the unconstrained
models and the energy-conserving ones does not cumulate with
the difference between the former and the reference masses,
partly because of the slight mass dependence described in the
beginning of the section. In conclusion, the masses of our mod-
els are on average a little smaller, but within the uncertainties
common to the estimation of this quantity.
4.2.4. SFR indicators – evidence of quenching?
Figure 10 shows a comparison between the instantaneous
SFR values obtained from the SED (SFRSED), with the
observationally-derived from the Kennicutt calibrations, total
SFR (noted SFRUV+IR, short for SFRIR + SFRUV). Each row
shows one of the SFHs explored (from top to bottom: rising, de-
layed, and declining), the constant SFR solutions are not shown,
but they behave similarly to the rising ones. The colorbar indi-
cates the age over e-folding timescale ratio, t/τ. In the left panel,
we see how for the majority of the sample the SFRSED’s under-
estimate the SFRUV+IR’s, something noted also in Wuyts et al.
(2011), on PACS-detected galaxies from the GOODS-S field. As
detailed in the previous subsection, this is the result of the age-
extinction degeneracy, and the fact that our fits do not reproduce
automatically the observed LIR’s. This is further illustrated by
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Fig. 9: M? distribution of the sample, before (after) constraining
AV on the top (bottom) panel. The best fitted SFHs are kept for
each source. The overall distribution is affected very little by the
constraining of the extinction in the fits, the shift toward lower
masses is of the order of ∼ 0.1 dex. The additional MS, starburst
and quenching (see Sect. 4.2.4 for this last label) sub-groups,
discriminated based on their position on the M? - SFR or SFRSED
- SFRUV+IR diagrams, are discussed in Sect. 6.
the gradient in t/τ observed in the subplots of the declining and
delayed SFHs. The cases where the best fit has t/τ ≤ 1 have
SFRSED’s that are closer to SFRUV+IR(as they are close to having
constant star-formation rates), whereas the larger the t/τ ratio
becomes the more the SFRSED’s are smaller than SFRUV+IR.
As can be seen in the right panels of Fig. 10 where the
energy-conserving models that reproduce the LIR within 0.2 dex
are shown, the majority of sources here is fitted by a model for
which the instantaneous SFRSED is comparable to SFRUV+IR, and
hence are near or at a state of equilibrium as assumed by Ken-
nicutt’s calibrations. This interpretation must be more realistic
as it can account for the IR emission. In the case of the CSFR
models, the matching of the SFRs is directly dependent to the re-
production of the LIR, which is what is expected. There are some
sources best fitted with rising models with SFRSED > SFRUV+IR
that also overpredict LIR (not shown in the diagram). This tells us
that the best SFH in terms of χ2ν does not guarantee an accurate
reproduction of the LIR.
A very interesting fact to notice also in this plot is the pres-
ence of sources on the left of the one-to-one relation, meaning
with SFRSED < SFRUV+IR, while still matching the LIR’s. In
the final sample (where only the best fitted SFH per source is
kept) they are 22.4% of the sample, to have an SFRSED more
than 0.2 dex below SFRUV+IR. As expected they’re all declining
models, or delayed on the declining phase, predominantly below
z ∼ 2 − 2.5. Furthermore, an estimated 7% (of total, 43 sources)
with SFRSED < SFRUV+IR are found to have an SFRSED 0.6 dex
or more below SFRUV+IR. Based on their observed LIR, the ma-
jority of these sources is situated on the MS, but if we consider
the SFRSED from our solutions, they are relocated below the MS.
A small minority (7 sources) is IR-bright enough to be in the SB
regime, so our solutions lower them toward the MS, but since
their SFRs are declining, they’re only transiting toward below
the MS. For this reason we will hereafter refer to these galax-
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Fig. 10: Comparison of the SED derived instantaneous SFRs with the observation derived total SFRs. On the left are the fits with
unconstrained extinction and on the right the ones with energy conservation. Each SFH with variable SFR is plotted separately, and
the colorbar indicates t/τ, in logarithmic scale. Top is rising, middle is delayed and bottom is declining SFHs. The solid line is the
one-to-one relation and the dashed lines are positioned at ± 0.2 dex of it, illustrating the threshold of tolerance for matching the
LIR. We can see that for most of our sample, when extinction is a free parameter (left) the photometries are interpreted as weakly
star-forming or having decreased SFRs in comparison with what the UV and IR-derived SFRs show (except the rising models that
are equally distributed around the one-on-one relation). This is not the case in the energy conserving fits (right). All the rising
models tightly reproduce the observed SFRs (as do the CSFR models). In the case of the declining and delayed models, there is an
extra feature: a fraction of the energy conserving fits have SFRSED < SFRUV+IR, and a large t/τ ratio.
ies as quenching. Exploring deeper these cases shows how this
difference between SFRSED and SFRUV+IR is possible.
The main question is: how is it possible that a SED model
that accurately predicts the observed IR and UV luminosity, can
do so with an SFRSED that underestimates SFRUV+IR by up to 1
dex or more, for some cases?
The answer lies within the timescales of star formation in-
volved. The Kennicutt (1998) calibrations rely on the assump-
tion of continuous star formation over a duration of & 100 Myr. If
this assumption breaks down, significant deviations can in prin-
ciple be expected (cf. Reddy et al. 2012b; Schaerer et al. 2013).
Based on simulations, Hayward et al. (2014) show that follow-
ing a starburst event, the LIR can decrease more gradually than
the true SFR, as dust can still be significantly heated by the re-
cently formed stars. This can lead to serious overestimations of
the true SFR by the LIR, for example, in the case of young post-
starbursts. This is a plausible scenario for the sources presenting
this characteristic in our sample, as the method experimented
and the variability of the explored SFHs allow for such a com-
bination of circumstances. Indeed, in the right panels of Fig. 10
we see that while the sources with SFRSED ≈ SFRUV+IR have
t/τ ≤ 1 (indicative of very slow change in the SFRs, and hence
fulfilling the assumptions of the Kennicutt (1998) calibrations),
the sources that deviate from the one-to-one relation have very
large t/τ ratios (larger than the ones deviating in the left panels
where the extinction is unconstrained). Their SFRs are declining
very fast (five-fold decrease in a 50 Myr lapse for example) and
hence have many recently formed stars that contribute in great
part to the IR luminosity.
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Thanks to the above we conclude that the breaking of the
age-extinction degeneracy occurs in a dichotomic way, with
most sources finding their best energy-conserving fit to be close
to Kennicutt’s assumptions (77.6% of the energy conserving
sample), and a fraction being best fit with the models that allow
for the fastest available decline within the choices left by LIR-
constrain, namely τ = 30 Myr, preferred by most of the quench-
ing sources. In Sect. 6.2 we attempt to decipher what spectro-
photometric features in the quenching sources impose this kind
of solution in the fits, and whether their discrimination is possi-
ble.
4.3. Timescales
In this section we will briefly go through our findings in terms of
the ages t and the e-folding timescales τ, and trends/preferences
we observe among them depending on the SFH, and how they
help shaping the M?– SFR diagram for the energy conserving
sample.
Figure 11 shows the age distribution of the sample, includ-
ing the distribution for the unconstrained fits, for comparison.
Starbursts dominate the lowest age bin, MS sources occupy the
whole parameter space but dominate the large ages, and the
quenching sources are very localized between ∼100 and ∼400
Myr.
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Fig. 11: Age distribution, made in the same way as Figs. 8 and
9. The notable difference is the higher fraction of sources in the
lowest age bin, due to more sources being interpreted as star-
bursts with the help of the LIR constrain.
The largest SFRs (mainly starbursts) tend to have very small
τ as well as ages, when considering rising SFHs. The same
sources when fitted with declining SFHs prefer the largest τ’s but
always small ages, indicating that they avoid having a declining
SFH as much as possible. Their ages present them as very young
events, and potentially shortlived bursts.
The rest of the sources tend to follow a somewhat bipolar
distribution in timescales, similar for all SFHs. However, as with
the starbursts the choice of τ for a given source can vary greatly
depending on the SFH. A source fitted with a small τ when the
SFH is rising will tend to be fitted with a large one when the SFH
is declining. This said, each SFH taken apart has a majority of
sources (55-60%) fitted with τ ≥ 0.5 Gyr. When considering the
best solutions among all the SFHs a relative majority of 47% of
the sources prefer τ’s greater than 0.5 Gyr.
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Fig. 12: Median τ per mass bin. Gray stars denote the median
τ for all SFHs (excluding constant), and red triangles and green
diamonds are the medians for the rising and declining SFHs re-
spectively, considered separately. Error bars represent first and
third quartiles. τ appears to rise for the rising SFHs.
We find that τ correlates well with M?, in the case of rising
SFHs, as is shown in Fig. 12, where we plot the median τ per
mass bin, from the energy conserving fits. The low mass galaxies
tend to have very small τ (SFR rising very fast), whereas mas-
sive galaxies have large τ, meaning their star-formation tends to
become constant. On the other hand, the declining SFH mod-
els, when preferred tend to favor a short e-folding timescale of
the order of 30-50 Myr, regardless of mass, with the exception
of high mass (log[M?/M] > 10.5) main sequence galaxies,
for which τ is superior to 100 Myr. Also, the ratio of prefer-
ence for rising models versus declining ones shifts with mass,
with more sources preferring a rising SFH than a declining for
log[M?/M] . 10, and the opposite for larger masses (this point
is discussed further in Sect. 4.4.1, see Fig. 14). We also remark
that this variation in τ for the rising models also correlates with
redshift. Sources at redshifts larger than z ∼ 2.5 tend to very
strongly favor the shortest timescales (30 Myr), and the median
τ increases with lowering z to reach 1 Gyr at z . 1.5. This aspect
and the eventuality of an evolutionary sequence are discussed
further in Sect. 6.1.
Given that the fraction of sources preferring the smallest τ al-
lowed in our fits is important (whether we consider the starbursts
or the quenching sources), we have briefly explored whether
these sources would opt for even smaller τ if it were available.
We thus performed SED fits with τ < 30 Myr to test this, and
found that some sources were better fitted with τ = 10 Myr,
mostly preferring rising SFHs, and a negligible number was best
fitted with τ = 5 Myr. This did not bring any substantial change
to the sample’s properties.
4.3.1. The timescale and age parameters on the SFR – M?
diagram
The combination of population age (t), and the e-folding
timescales τ, plays an important role in the position of a galaxy
on the SFR – mass plane. In Fig. 13 we revisit the normalized
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Fig. 13: Normalized SFR – mass diagram for the energy conserving sample, with in the colorbars, age t (left) and the age over
e-folding timescale ratio, t/τ (right). We see that the majority of galaxies with old ages are on the MS, and are slowly evolving.
Galaxies below it, have medium ages but have seen their SFRs strongly declining.
SFR – mass diagram to highlight this fact. The plot on the left
colors the data according to age, and the one on the right accord-
ing to the age over e-folding timescale ratio, t/τ. This ratio, in
the case of the declining models, is representative of the present-
over-past SFR ratio. A large t/τ (  1) implies that a lot more
of the stellar mass was built in earlier ages than is being built
now. A small t/τ (. 1) indicates that current star formation is
very important compared to the present mass. Rising models,
have ongoing star formation which by construction is important
regardless of the ratio, but of course very small τ’s can not be
sustained for billions of years as they would lead to unrealisti-
cally extreme growth (Renzini 2009). In this regard the fact that
we find very small τ’s in the rising SFHs of the low mass sources
only (predominantly on the SB sequence), and large τ’s for high
masses is encouraging.
From Fig. 13 (left) the first thing that can be noticed, is that
the galaxies that are well on or near the main sequence, are ma-
joritarily rather old. Starbursts, with a few exceptions are almost
all as young as allowed (50 Myr). The galaxies found below the
main sequence are typically a few hundred Myr old. In Fig. 13
(right) we can see, that both MS and SB galaxies have t/τ ra-
tios close to 1. Since we find a majority of large ages (0.3 Gyr
or more) for the MS galaxies (and most large ages are found
in MS galaxies), this means they are interpreted as growing
through long episodes of star formation. Ratios smaller than one
are found only in the SB regime. Some large t/τ ratios are also
encountered there, only for rising models (triangles) and corre-
spond to ages of ∼ 1 − 2 Gyr. We cannot address whether such
solutions are physically possible or not, but they might also ap-
proximate a long steady growth, followed by an ongoing burst.
The sources below the MS have all large ratios, t/τ ≈ 10, indi-
cating that their SFRs have dramatically declined over the last
tens of Myr. Given this fact, their relative young age, and their
medium-to-large masses, they can very well be originating from
the SB, where after a short lived burst their SFR declined steeply,
making them potential candidates for quenching. We note in
passing that no source best fitted with a rising SFH is found be-
low the MS. If galaxies located below the MS were to initiate
SFHs CSFR(%) DECL(%) DEL(%) RIS(%)
Free AV 3.6 50.8 23.3 22.3
Fixed AV 1.9 43.0 17.0 38.1
Fixed AV, z > 3 0 22.2 18.5 59.3
Table 1: Percentages of preference in fitting the various SFHs
to the sample, based on the χ2ν . In the first line we have the ini-
tial sample with χ2ν < 10 for the CSFR models (704 sources).
The second line considers only the energy conserving subsam-
ple where the LIR’s are correctly matched to observation (633
sources). In the third line we show the high-z end of the previous
(27 sources), where the fraction of solutions preferring the rising
model has absolute majority.
a burst of star formation, they would probably move very fast
upwards in SFR by the time they can be detected by Herschel.
A very small fraction of the sources best fitted with a rising
SFH in the SB regime show large ages (t & 1 Gyr) and very large
t/τ ratios, showing that their SFRs have been dramatically in-
creasing for an extended period. Closer examination shows that,
given the fact that the SFR at the onset of star formation is very
close to 0, this rapid increase has had significant impact on the
mass build-up of these models only in the last hundreds of Myr,
with M? rising one order of magnitude or more in the same pe-
riod. Such solutions obtained with exponentially rising SFHs can
be seen as approximations of ongoing recent bursts, as best al-
lowed by the models we have explored. Indeed, if the photometry
is dominated by an ongoing burst, there is little way to constrain
how star formation was 1 Gyr before it.
4.4. On the star-formation histories (SFHs) and observed
trends
In this section we briefly discuss the SFH preferences of our
sample with the method we explore, and how they are affected
with respect to the more standard approach. The robustness of
the results shown here, based on best fitting SFHs, has been as-
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sessed with Monte-Carlo simulations, as described in Appendix
A.
Over the entire sample, in the fits with no extinction con-
straint, half of the sources prefer the declining SFHs, followed
by the delayed and rising with a little less that 25% for each, and
the rest for the CSFR models (Table 1). Given that most of these
solutions underestimate the observed LIR, the fixed AV solutions
increase the extinction on average, thus making the models more
star-forming, or even starbursty. Doing so, there is an impact on
the SFH preferences for the best fits, in favor of the rising SFHs
mostly, which allow for maximum ongoing star formation. Of
course this is valid in a statistical sense and many sources that
successfully reproduce the observed LIR can prefer SFHs with
strongly decreased SFR, as discussed earlier. The fraction of so-
lutions favoring the rising models, also increases significantly
with z (and exceeds 50% after z = 2.5), as is discussed in more
detail in Sect. 4.4.2.
4.4.1. SFHs versus M?
Among the preferred SFHs in the sample we note a trend in SFH
preferences according to M? (shown in Fig. 14, where we plot
the fractions of preferred SFHs in bins of mass for the z ≤ 2
sources where the sample is less biased toward starbursts). As
would be expected and can be guessed also from the SFR –
mass diagrams in Sect. 4.2.2 (Fig. 7), rising SFHs are more
preferred in the low-mass end, with 50-60% of the best fits in
the mass range 109.5 − 1010M, while at the high-mass end this
fraction decreases to less than 20% and the fraction of best fits
with declining models increases. We note also that the pref-
erence of constant SFR models, although marginal, increases
also with mass. Overlaid on the diagram, are the fractions of
the quenching sources, found in the largest mass bins mainly
(M? ≥ 1010.5M), but remain small overall. Being that the low
mass bins (M? ≤ 1010M) contain mainly starbursts and their
fraction decreases with mass, the trend in SFHs is affected by
this. When considering MS galaxies only, we see no particular
trend. On the other hand, extending this diagram to the higher z
sources enhances the trend.
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Fig. 14: Fractions of each SFH in the mass distribution of the z ≤
2 sources where the sample is closer to mass-completeness. The
dashed and hatched fractions represent the quenching sources.
We can see that the main trend is that the rising models predom-
inate in the low masses and their fraction decreases with increas-
ing mass.
The mass dependence of SFH types is not affected by the
LIR-constrain. Indeed the diagram of Fig. 14 shows no quali-
tative difference in the case of the fits with the unconstrained
dust extinction. However, the fraction of the quenching sources
is much larger then, since the SFRs and LIR’s tend to be strongly
underestimated then (as discussed in the previous sections and
shown in the SFR – M? diagram of Fig. 7), reaching 50% and
more for masses above 1011M.
4.4.2. SFHs versus redshift
An important aspect we wish to address in this work concerns
the question whether the evolution of cosmic star-formation his-
tory through redshift is reflected in the evolution of individual
galaxies, in a statistical way, of course. This means, qualitatively
speaking, whether star-forming galaxies beyond the peak of star
formation at z ∼ 1.5 tend to be found more often to have their
star formation on the rise, and if in more recent epochs this ten-
dency is inversed in favor of declining star formation.
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Fig. 15: Values of the median χ2ν per redshift bin for the 3
SFHs explored (excluding CSFR), for the MS galaxies of the
energy conserving sample. The areas indicate the 68% interval
surrounding the medians. (Colors/patterns: green diamonds and
hatched area : declining; red squares and filled area limited by
dotted lines : delayed; cyan triangles and open circle-filled area:
rising).
To do so, we restrain ourselves to the MS galaxies of the sam-
ple, the starbursts being usually very short-lived events, where it
makes little sense to discern this evolution. The threshold for be-
longing to the MS subsample is set at 0.6 dex above or below
the MS (as depicted in Rodighiero et al. 2011), a rather loose
definition, to keep from lowering the already limited statistics.
Also, the sample is extended toward lower redshift (down to z ∼
0.8) to better check the significance of the eventual trend below
z ∼ 1.5. Finally, it is separated in redshift bins, aiming for bal-
anced distribution in numbers and logarithmic scale. Obviously
the low-z bins are more populous than the high-z ones, with the
two last ones (zmed ≥ 3) containing about 10 sources each, which
may hinder somewhat the robustness of the diagnostic.
Fig. 15 shows the evolution of the median χ2ν obtained for
each SFH and redshift bin. CSFR was opted out, as it is not
strictly comparable to the others because of having one fewer
degree of freedom (and does not add anything of value in the
plot). Although no strong conclusions can be drawn, the trends
at the 68% level give interesting insight. Below z ∼ 1.5, we see
that declining and delayed models prevail while the rising SFHs
produce comparatively worse fits. The latter have a median χ2ν
about two times larger than the former. In the 1.5 < z < 3 range
there is no clear preference, and above z ∼ 3, the preference
shifts toward the rising models. Delayed SFHs still work well as
they behave similarly to the rising models in their early phase.
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Declining models on the other hand produce very bad solutions
on the high-z in our energy conserving fits.
Given the limitations of the sample at high-z, we have
checked whether the large χ2ν’s of the declining SFHs were due
to higher RSB within our adopted definition of the MS. The me-
dian χ2ν’s do not change if we consider RSB ≥ 2 in all z bins in
order to compare the z & 3 galaxies with strictly similar ones at
lower z, indicating that the change at high z is not due to a bias
in RSB.
From this exercise, it is tempting to suggest that there is in-
deed a parallel between the global CSFH, and the statistical be-
havior of individual galaxies, with rising SFHs being preferred
at high z and declining at lower z. Of course, other systematics
relating to the detection quality of sources at z ∼ 3− 4 with Her-
schel that are beyond the scope of this work might come into
play (Elbaz et al. 2011). Larger samples above z ∼ 3, as well
as gaining access to lower luminosities, might be necessary to
conclude more robustly. This said, the findings of this section
(or as summarized in Table 1, together with the trends in mass
(Sect. 4.4.1) leave room for optimism. Based on what we have
seen, lower mass galaxies at high-z that have been out of reach
for Herschel are expected to reinforce the observed trend.
5. Comparison with the average cosmic
star-formation history
Presently we explore the past star-formation history of our sam-
ple, namely how stellar mass and SFR have evolved in our best
fitting solutions5. Namely, following up on the remarks of the
SFH preferences versus z in the previous section, a more direct
comparison with the CSFH can be of interest. Also it can be
useful to situate our findings in the broader context of galaxy
evolution, such as whether the general picture of star formation
we have obtained for this sample is compatible with the “down-
sizing” scenario (Cowie et al. 1996). In short, this hypothesis
proposes that the most massive galaxies form earlier in time and
faster (Thomas et al. 2005) and is one of the popular galaxy for-
mation scenarios in the community (e.g., Heavens et al. 2004;
Juneau et al. 2005; Savaglio et al. 2005; Pérez-González et al.
2005; Panter et al. 2007; Pannella et al. 2009).
Evidently, our models cannot offer insight as to how star for-
mation would continue past the redshifts of observation, but it
is interesting to trace the mass build up back in time, as it is
shaped by the SFH models we have used. We recall that our
models consist of simple exponential functions (Sect. 3.1). As
such, the individual SFHs they produce are equally simple, and
representative of the broad lines of star formation in a galaxy.
We have seen in Sect. 4.4 that the galaxies of our sample tend to
have different preferences among the SFHs depending on their
properties (z, M?), but how does the evolution of the sample as
a whole look like?
To build the picture of the sample’s star-formation history,
we first reconstructed each galaxy’s individual SFH from the pa-
rameters of their best fit. From the age of the solution and the
redshift of observation, we computed the time of the onset of
star formation in each case:
tstart = t(z) − age(SED) (4)
Given the variety of ages we have found in the sample, the red-
shifts corresponding to these times range from z ∼ 1 up to
5 Like in Sect. 4.4.2, we will be using our extended sample down to
z ∼ 0.8, to have a better view of the epoch after the peak of cosmic star
formation.
z ≥ 20. It is important to stress that by “time of onset” we
mean the time when the first stars of the modeled stellar pop-
ulation formed. This does not prohibit the real galaxy consid-
ered from having formed stars earlier than that, in the context
of a more complex SFH where the oldest stars can be outshined
by the younger ones, and hence missed by our fits. Each one of
these times serves as starting point for the track the correspond-
ing galaxy has followed, which is reconstructed using τ, the ini-
tial SFR, and the appropriate function of its best fitted SFH. In
this way we can visualize how the stellar mass has built up with
time.
As the sample is not large enough compared to samples of
non IR-selected galaxies, rather than separate it in many mass
bins and compare the evolution of the heaviest versus the lightest
in time (as done in Pacifici et al. 2013) we separated it into two
mass bins, each bin containing about half of the sample6, with
the boundary set at M? = 1010.5M.
For the two subsamples, the evolution of their SFRs and
mass build-up with cosmic time are plotted as density maps ver-
sus lookback time7(and z in the secondary axis above the plots)
in Fig. 16, which is organized as follows: the left panels show
the galaxies with M? ≤ 1010.5M, and the right panels the ones
above 1010.5M. The top panels show the evolution of the SFRs,
and the bottom panels the evolution in mass. The red stars show
the median values in bins of 0.5 Gyr, and the lines the 68% inter-
vals around them. The gray scale indicates the density of the
overlapping tracks, and this way allows to visualize the SFH
of the subsamples as wholes, from their individual SFHs. The
CSFH of Madau & Dickinson (2014) is also depicted, arbitrarily
rescaled8 to match the lower z part of the heavy mass diagram.
We can see that the SFRs are higher at early times in massive
galaxies, whereas lower mass galaxies have a steady increase
of SFR over several Gyrs. This follows from the fact that high
mass galaxies are majoritarily better fit by declining SFHs, and
the low mass galaxies favor the rising SFHs. So for the former,
it is equivalent to pushing their rising phase toward the earliest
moments of the Universe, something not modeled in the SFHs
used (but logically implied in the form of an instantaneous burst
which gives the declining SFHs their high initial SFR).
From the median values that trace the areas of the diagram
that are densest, we note that the massive galaxies reach their
peak of star formation at redshifts between 1.5 and 2. while the
low mass tend to reach it closer to z ∼ 1, albeit with greater
scatter. Interestingly, the global evolution of the massive galaxies
resembles closely the CSFH, with only a relatively small scatter.
When comparing the evolution of the masses, we note that
the massive galaxies build up faster, and by z ∼ 2 have often built
half of their mass. In contrast the lower mass galaxies build up
more gradually and seem not having reached a collective peak
of their star formation at z ∼ 2, but rather show mass increase
down to z ∼ 1. This contrasted evolution in M? between the
high-mass and the low-mass sources is further illustrated with
Fig. 17, where we show the median evolution of the mass frac-
tion (defined as the mass built at any given redshift divided by the
“final” mass at the redshift of observation) with time. The me-
dian evolution of the high-mass sources is shown with red stars,
while that of the low-mass sources is shown with blue triangles
(the dashed lines indicate the 68% intervals, and the individual
6 The extended sample contains a larger quantity of lower mass galax-
ies, bringing the median mass close to 1010.5M.
7 We recall that for the cosmology used in the present work, the age of
the Universe is 13.462 Gyr.
8 Indeed, the comparison here is meant to be purely qualitative, as the
SFRs shown are not in the form of a volume density.
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Fig. 16: Evolution of the best fitting SFHs of the sample in terms of SFR (top) and stellar mass (bottom), in the form of density
maps. The left panels contain the low mass half of the sample, with M? ≤ 1010.5M, and the right panels the high mass half, above
1010.5M. The red stars and lines mark the medians and 68% intervals in bins of 0.5 Gyr. On the top panels, the black dashed line
corresponds to the CSFH from Madau & Dickinson (2014), arbitrarily scaled to the height of the heavy mass sample (similarly on
the bottom panels the stellar mass density, integrated from the CSFH and rescaled). The general picture obtained is that the more
massive galaxies have built their mass earlier and faster than the lighter ones.
tracks are shown in the background in gray). The contrast is very
visible until z . 1.5, at lower z both groups contain increasing
numbers of younger star-formation events that cause some over-
lap.
It is interesting to compare the times of onset of star for-
mation of the two subsamples, to better assess the presence of
downsizing. In Fig. 18 we show the distributions of tstart for the
high mass (red) and low mass (blue-dashed) subsamples. The
striking remark to be made here is the difference of the distribu-
tions in the first 2 Gyr of the Universe’s age. We see that galaxies
that started their star formation (as modeled by our SEDs) dur-
ing that period are about three times more likely to end up in the
high mass half of the distribution by the time they are observed.
The above remarks imply that the evolution of the sam-
ple in our analysis is compatible with the downsizing scenario
and other recent works. Relying on simulations, Behroozi et al.
(2013) find that their most massive galaxies (M? ≥ 1011M)
peak in SFR at z ∼ 3, while low mass galaxies show an increase
in SFR that endures to the present day. Similarly to the findings
of Pacifici et al. (2013), we find that the median sSFR of the low
mass galaxies is ∼ 0.5 dex larger than that of the massive ones
for z ≤ 5 (and comparable for higher z). Of course, the limita-
tions of our sample can come into play in this question too, as
low mass galaxies are not detected beyond certain z, and if some
galaxies were to form early and reach only a moderate mass in a
short lapse of time, then they would not have been picked up in
an IR-selected sample. That said, we have checked how the bias
toward starbursts affects the sample’s SFH (we recall that our
sample by construction has a larger contribution from starbursts
than the average star-forming galaxies population, as shown in
e.g., Rodighiero et al. 2011; Schreiber et al. 2015), by using only
the MS galaxies to trace it. Keeping in mind that the bulk of the
sample is observed at z < 2 and hence the diagrams of Fig. 16
are dominated by these galaxies, we find that it changes almost
imperceptibly. In particular the high-mass bin whose starbursts
account for only ∼ 10% in number remains about the same. The
low-mass bin has a larger number of starbursts and also suffers
more from mass-incompleteness, but the general evolution we
see in Fig. 16 stays the same.
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Fig. 17: Median evolution of the mass fractions of the high-mass
(red stars) and low-mass (blue triangles) galaxies of the sample.
The dashed lines represent the 68% intervals, and the individual
tracks of each source (as in Fig. 16) are shown in the background
in gray. We can see that the high-mass sources reach their half-
mass by z ∼ 2, while for the low-mass ones this happens close
to z ∼ 1.
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Fig. 18: Distributions of the starting times of the best fitted SFHs
for our sample. The red solid histogram corresponds to the high
mass half of the sample, and the blue dashed one to the low mass.
The times are defined as the time of observation minus the age of
the modeled SED (Eq. 4). We can see that there are significantly
fewer low mass galaxies in the first two Gyrs of time.
6. Implications
In the present section we discuss aspects that follow from the
analysis and are of particular interest, regarding our view of star
formation. Notably, on the ages, the implications of the existence
of a potential evolution in the rising SFHs’ timescales, and on the
quenching sources.
As discussed in Sect. 4.3.1, depending on the position on
the SFR – M? diagram with respect to the MS, that is, on it,
above it, or below it, the SED models best fitting our sample
present some common features. In terms of ages, we can distin-
guish three main groups, that coincide with the three regimes we
see on the M?– SFR diagram (as shown in Fig. 13):
Group < log[M?/M] > 1σ ages (Gyr) %
Main Sequence 10.65 0.4 0.09-2.6 69
Starbursts 10.14 0.34 0.05-0.18 24
Quenching 10.89 0.27 0.13-0.25 7
Table 2: Summary of some physical properties found in our sam-
ple after regrouping the sources with respect to their position on
the M?– SFR diagram: mean (sensibly equal to the median) and
standard deviation of log[M?], the median 68% interval of the
ages, and the percentage that each group holds within the sam-
ple.
1) the high-end of the SFRs, that have very young or the
youngest ages, corresponding mostly to starbursts;
2) modest SFRs (of the order of 100 M yr−1 or below) that
have SFRSED ≈ SFRUV+IR, they have old ages, above 1
Gyr. In combination with their large τ timescales, can be in-
terpreted as “normally” star-forming, and are located on or
close to the MS;
3) sources whose SFRSED deviates from SFRUV+IR, these start
from ∼ 120 Myr and can be up to several hundreds of Myr
old. This is compatible with being in a post-starburst state,
or undergoing quenching.
As shown in Table 2, the three groups also cover different mass
ranges, with the SB being lighter, and the quenching heavier than
the MS sources. We briefly recall how the said groups are defined
in this work: MS galaxies are within 4 times of their correspond-
ing main sequence, starbursts are more than 4 times above it, and
the quenching galaxies are labeled so, if their SFRSED is 4 times
or more smaller than their corresponding SFRUV+IR. Because of
the definitions used, there is a very small overlap, with 7 sources
qualifying as quenching but are located close to the MS. They
are counted with the former, as they are in a rapid transit from
above to below the MS. A more detailed summary of the masses
and other physical parameters can be found in the Appendix A.
6.1. The rising SFHs: a potential evolution in timescales?
In Sect. 4.3 we have noted that there is a trend in the e-folding
parameter τ with both M? and z when considering the fraction
of the sample that is best-fitted by models with rising SFHs. In
the current section we discuss this into more detail, namely we
explore the behavior of both τ and t of the rising SFHs with z.
Our findings are shown in Fig. 19, where these galaxies are
binned both in M? (in 0.5 dex-wide bins) and z (representing
time steps of 500 Myr, except for the highest z bin that spans 900
Myr). In the left panel the bins are colored according to their me-
dian τ, and in the right one according to their median t. At each
redshift bin, τ, the timescale indicating how fast the SFR rises
is increasing with mass, meaning that the increase in the SFR
is slower in the high mass sources than in the low mass. Like-
wise, when considering a particular range of M?, we see that the
galaxies of that mass have an SFR that is increasing much faster
at high-z than at lower z. Closer examination of the distribution
on the M? – z plane reveals that the lowest masses and τ bins
(the blue squares in the left of the diagram) contain mainly SB
galaxies (τ ≈ 30−50 Myr), whereas the rest is dominated by MS
sources. In the right panel of Fig. 19 we can see that the ages t
have a behavior very resembling to that of τ, leading to a consis-
tent possible interpretation that the SFR of the massive galaxies
has increased to its current levels earlier on. So, ultimately, what
we have is that at a given mass range, a higher z galaxy in our
sample increases its SFR faster than a lower z one (while the
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Fig. 19: Binned M? vs z diagram, for the sources best fitted with the rising SFHs, with the median τ (left) and age t (right) shown in
color Both τ and t are observed to increase with M? and cosmic time (decreasing z).
SFRs themselves are overall higher at high-z compared to low-
z), while at a given z a higher mass galaxy appears to have been
forming stars for a longer period (and again at higher SFR, ex-
ception made for the starbursts which evidently peak at higher
SFRs while being very young and have low masses). This whole
picture is consistently compatible with the downsizing scenario
discussed in Sect. 5. These findings, in particular the evolution of
the ages can of course be expected to some extent by the limited
age of the Universe, which lowers the age cap with increasing z.
But this cosmological constrain alone does not seem sufficient to
produce this smooth evolution.
Indeed, the discussed trends of τ and t with both M? and z
become as pronounced as seen in Fig. 19 only in our energy con-
serving fits. The same diagram made in case of the unconstrained
extinction fits, does not show trends as clear or monotonic as the
former. Absent the IR-constrain, and due to the higher prefer-
ence for declining SFHs in this case, the bulk of the sample ap-
pears to have formed a too important amount of mass early on
(by z ∼ 5), regardless of the final mass, which leaves little room
for evolution. We note in passing that we have explored similarly
constructed diagrams for the sources preferring declining SFHs
and have observed no significant trends like the ones discussed
for the rising SFHs.
As the choice of the sub-sample used in Fig. 19 is based on a
relative criterion (sources that are better fitted with rising rather
than with declining SFHs), we made the same diagram using the
absolute criterion of including only sources for which the rising
SFH fit yields χ2ν ≤ 5. The result is very sensibly the same as the
one shown. The dispersions for the median τ’s are similar to the
ones of Fig. 12.
Further on, the observed behavior of τ leads legitimately to
ask the question whether it indicates an evolution in the rising
SFHs, if the lower-mass, high-z galaxies were to be the ances-
tors of the higher-mass, lower-z ones. This cannot be addressed
easily, but one can explore how galaxies would evolve in time
and on the SFR – M? diagram if their SFH was based on it,
meaning if they would follow a more complex rising SFH, where
τ becomes larger with time and stellar mass. We explored this
possibility with the help of a simple toy-model to build-up mass
following a prescription derived from this trend. To do so we
started from the analytical expression of the exponentially rising
SFH, only this time instead of using a constant τ throughout the
evolution, τwill depend on M? and z. A galaxy is created with an
arbitrary initial mass at z = 4. Different initial SFRs are used, to
qualitatively explore the various regimes of star formation with
respect to the MS. A time grid with 2000 steps is defined from
z = 4 to z = 1, the redshift range roughly covered by the sample.
At each step, τ is redefined according to the present mass and
redshift, and the increase in SFR and M? is impacted accord-
ingly. Iterating this procedure gives us the time evolution of M?
and SFR and produces tracks that we can compare on the M?–
SFR diagram. We recall here that for this experiment, we do not
consider the declining SFHs, because for a galaxy to stay on the
MS over large periods of time its SFR needs to be at least con-
stant, if not increasing (e.g., Pannella et al. 2009; Renzini 2009;
Maraston et al. 2010). This holds true despite the fact the MS
normalization decreases with time, as established so far up to
z ∼ 4 (Schreiber et al. 2015). Indeed, if a galaxy strictly follows
the MS as it is currently parametrized, its SFR will be increasing
for most of its growth, and would decrease only once reaching
a high mass (of the order of 1011M) or a low redshift (z ≤ 1).
A more proper model, taking into account the turning off of star
formation and the path toward quiescence, would necessitate a
more elaborate numerical prescription, and is beyond the scope
of the present work9.
To create the prescription for τ(M?, z) we performed 2-
dimensional planar fits of τ as function of M? and z. Higher order
polynomial fits were also tested but despite the residuals being
slightly reduced, they proved unpractical as even small extrapo-
lations were unstable. Two fits were made, one utilizing all the
covered area in Fig. 19, including both SB and MS, and one con-
sidering only the MS galaxies. The former assumes that galaxies
start at the SB regime as the minimal mass bin is made of SB
9 For a work focusing specifically on modeling quenching sources,
Ciesla et al. (2016) is suggested.
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galaxies. Likewise for the latter and initial conditions on the MS.
The parameterizations obtained are:
log(τ/Gyr) = 0.993 log(M?/M) − 0.511z − 10.070 (5)
for the MS+SB fit, and:
log(τ/Gyr) = 0.402 log(M?/M) − 0.382z − 3.770 (6)
for the MS-only fit. A lower threshold of τ= 0.03 Gyr was
kept, to avoid having the SFR jumping at non realistic values in
a few Myr because of extrapolations.
Using these two parameterizations we produced model
tracks that follow a rising SFH with an e-folding parameter that
increases with stellar mass and cosmic time. Tracks for four
initial masses (M? = [109, 109.5, 1010, 1010.5M], covering the
lower half of the sample’s mass range) are shown in Fig. 20, in
different colors. Obviously we had to extrapolate from the pa-
rameter space from which the calibrations were produced, as for
example we do not have sources of 109M beyond z = 2 (10).
For the initial SFR’s, we show three values per chosen mass: one
that corresponds to the MS at given mass at z = 4, one that is ten
times below that to see how a galaxy below the MS that starts
star-forming would fare, and one five times above the MS. The
two former use the calibration derived from the MS subsample
only (Eq. 6), and the latter the one from both the SB and MS
subsamples (Eq. 5). The hatched area in the diagram represents
the MS from z = 4 to z = 1, according to Schreiber et al. (2015)
(Eq. 1).
Along the tracks that emerge from this model, it is relevant
to discuss the dimension of time. The symbols (diamonds, tri-
angles, squares, and circles, with slightly different sizes to dis-
tinguish between the three groups of tracks) mark the different
times along each track from the beginning of the evolution (cor-
responding respectively to 0.1, 0.5, 1.5 and 2.5 Gyr). With the
SFR rising relatively fast at the beginning, the tracks tend to go
above the MS, but within 500 Myr they are back in its vicinity,
with much heavier mass. There, since the increase of their SFR
is significantly dampened (τ > 1 Gyr), they continue to build
up mass for several Gyrs in a steady way. The tracks beginning
below the MS evolve very similarly to the ones on it, but occupy
a lower regime, and ultimately build up less mass over the con-
sidered period. If the initial SFR is set arbitrarily low, the same
scheme is reproduced, with always more time spent for the SFR
to reach a value that impacts the mass. But if this is achieved and
z = 1 is not yet reached, we see the evolution in mass in such way
that their time marks (squares and triangles in particular, mark-
ing the 1.5 and 2.5 Gyr positions respectively) remain aligned
with the same ones at higher mass and SFR (this characteristic
is inherent to the discussed parametrization of τ).
The SBs (following Eq. 5) work in the same way, but at much
higher regime, meaning that the SFR (and hence the mass) rises
faster and to higher values, than with the tracks evolving ac-
cording to Eq. 6. This happens even in the initial phase where
the SFR rises relatively fast in all tracks, as can be seen by the
greater distance reached within 100 Myr (diamonds). Initiating
the SFRs on the MS rather than 5 times above it brings almost
imperceptible changes to the tracks, as long as the parametriza-
tion of Eq. 5 is used. Evidently, SFRs of the order of 1000 M
10 The extrapolation was to extend the parameterizations linearly to z =
4 and down to M? = 109M, while keeping the threshold at τ= 0.03
Gyr. Initial masses below 109M were not considered.
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Fig. 20: Mass build-up tracks from a simple toy-model based on
the trend of τ with M? and z, plotted on the SFR – M? diagram.
The colors indicate different initial masses (ranging from 109 to
1010.5 M), and the line types different initial positions with re-
spect to the MS, for these masses. The solid and dashed color
tracks follow the parametrization of Eq. 6, and the dash-dotted
ones that of Eq. 5. The dotted tracks show how the starbursts
would evolve if at t = 100 Myr they would start to rapidly de-
cline in SFR (τ = 50 Myr). The symbols (diamonds, triangles,
squares, and circles) correspond to different times after the be-
ginning of the tracks (respectively, 0.1, 0.5, 1.5 and 2.5 Gyr),
while the stars mark the position on the tracks after 200 Myr
of decline. The thick gray lines in the background show how
the typical exponentially rising SFHs behave, with a constant τ
of 30 and 500 Myr (dotted and dashed, respectively), while the
hatched area represents the evolution of the MS from z = 4 to
z = 1.
yr−1 are not expected to last for billions of years, so at any point
of the evolution a galaxy is expected to see its SFR starting to
decline, something not modeled here.
Of course, here the evolution of the tracks past ∼ 1012M
is completely extrapolated with respect to the sample. It is just
the result of allowing the mass to grow continuously for the ∼ 4
Gyr that separate z = 4 from z = 1 which has no reason to
occur in reality. Given that the fraction of sources preferring a
declining SFH increases with M? (Fig. 14), it can be argued
that the heavier a galaxy becomes the more probable it is for
its SFR to start declining. Regarding the SB branch in particular,
the tracks become extrapolated from the sample already starting
at M? = 1011M. This means that for the initial masses con-
sidered, starbursts should hardly last 100 Myr. To illustrate the
decline of their SFR, we have arbitrarily added a bifurcation at
the 100 Myr marks of their tracks (dotted lines) and made it fol-
low an exponentially declining SFH with a minimal τ = 50 Myr,
as found in the quenching subsample. We observe that from that
time, it takes ∼ 200 Myr for the track to evolve sufficiently be-
low the MS, and to effectively appear to be quenching (positions
marked by stars). If indeed there is a causal link between the SB
galaxies and the quenching ones, the cycle of their star-forming
episode, is then of the order of 300 Myr, which is compatible
with the ages we find in our SED fits.
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It was not necessary to test a calibration using starbursts only,
as they strongly favor the lowest τ’s of the order of 30 – 50 Myr,
regardless of z and M?. A track showing a standard exponentially
rising SFH with a constant τ = 30 Myr is plotted with a gray dot-
ted line, and illustrates how the very quickly rising models fare
on the SFR – M? plane. In this case, the SFR reaches 104 Myr−1
and M? jumps 2.5 orders of magnitude in less than 200 Myr. In-
terestingly, the initial SFR impacts very little on this track, if it
is set to begin on the MS or lower, its increase is so rapid that it
moves up the diagram faster than the mass build up, and contin-
ues on the same path as illustrated by the dotted line. The only
difference is that it reaches 104 Myr−1 after ∼ 270 Myr if the
initial SFR was on the MS, or ∼ 400 Myr if it was arbitrarily set
2 orders of magnitude below it. If such star-forming events ex-
ist they must be extremely rare, but surely should not be lasting
longer. On the other hand, a more moderately rising SFR (dashed
black line, τ = 500 Myr), the same increase in SFR takes place
over a few Gyr.
From this experiment – if indeed a causal relation between τ
and M? and z is real, as seen by our SED fits with rising SFHs
– the picture of star formation that emerges is both episodic and
steady. It starts off with intense star formation with rapid mass
build-up, and then can evolve rather smoothly close to the high-
mass half of the MS for long-lasting periods, to the extent that
such SFRs can be sustained.
It may be useful to recall that the sample from which this
toy-model is made, is biased toward high luminosities, and this
can in part explain why the tracks are mostly above the MS.
6.2. On the quenching sources
The so-called quenching sources present a particular interest as
they distinguish themselves in our analysis. As a reminder, under
the term “quenching” we regroup the sources that successfully
reproduce the observed LIR in the energy conserving models but
have SFRSED’s significantly lower than their SFRUV+IR, and are
rapidly declining. For most of them, the fits with declining or de-
layed SFHs yielded significantly lower χ2ν values than the rising
fits (a factor of 2 or more).
But the best fits obtained (in most cases, with a significant
difference in the χ2ν) for them prefer very rapidly declining SFRs.
They are 43 in total (7% of the energy conserving sample) and
are found in the lower-z range of our sample, with half of them in
the interval z ∈ [1.2, 1.5], and the most distant being at z ∼ 2.4.
They occupy the middle-to-high mass range (Fig. 9 and 14). We
recall that our selection did not consist of purely actively star-
forming galaxies, however, according to the color-color crite-
rion of Williams et al. (2009) less than one third of the quench-
ing sources qualify as quiescent (13 out of 43). In the UVJ dia-
gram they are found close to the area separating the star-forming
galaxies from the quiescent, but more on the side of the former
group.
Fig. 21 shows the mean SED obtained from the best fits of
this subsample (red), compared to the mean restframe SED of
normal MS galaxies in the same mass range as the quenching
(cyan), after having been de-redshifted and normalized to 1.6
µm. They show comparable amounts of dust attenuation, with a
mean AV = 2 for the quenching and AV = 1.9 for the MS galax-
ies. The main difference between the two is the Balmer break
that is more prominent in the quenching SED, indicative of an
aging population. This comes in strong contrast with the actual
median ages we obtain for the two subsamples compared here:
the quenching subsample has a median age of 180 Myr, while
the MS comparison subsample has a median age of 1 Gyr. This
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Fig. 21: The mean SED of the quenching subsample found in the
GOODS sample (red), compared to the mean SED of MS galax-
ies (cyan) at the same mass range, normalized and de-redshifted.
We note the prominent Balmer break (. 0.4 µm), indicative of an
aging population, and the weaker emission lines of the quench-
ing SED. The average extinction is otherwise very similar.
may appear counter-intuitive if one judges by the SEDs of Fig.
21, but is easily explained by the strong opposition in the nature
of the SFHs that produced these SEDs (very rapidly declining
SFRs versus quasi-constant or rising). It must also be kept in
mind that outshining (e.g., Maraston et al. 2010) can play an im-
portant role here in particular in the case of the MS sources who
are actively star-forming. That means that their median age of
1 Gyr should be interpreted as implying that they have a longer
SFH, rather than that their SED is dominated by an old popula-
tion, which is far from being the case as we can see in Fig. 21.
Indeed, because of the sharp contrast in the star-forming regime
of the most recent 100-200 Myr in the two groups, the MS SED
is being dominated by younger stars than the quenching SED,
while the older stars of the former contribute little to none at all
to the emerging emission (which is one major source of the un-
certainty associated to ages defined as the time elapsed since the
onset of star-formation, used in the present work, and of course
some caution in using it is always recommended). On the other
hand, the quenching SFH does not produce a sufficient amount
of young stars to outshine the older ones, and so the SED is more
dominated by ageing stars.
From this difference observed in the mean SEDs of these
sources shown in Fig. 21, we turned to explore the photometry
of the concerned sources, and the possibility of discrimination
with color diagnostics. We opted for a color-color diagram using
the restframe NUV−R− J bands, à la Ilbert et al. (2013), follow-
ing the authors’ remark that the NUV−R is more sensitive to the
present-over-past star formation than U−V . These bands respec-
tively correspond to 260 nm, 650 nm, and 1.2 µm. For the red-
shift interval from 1.2 to 1.6 (containing 75% of the quenching
subsample) they can be fairly well approximated by the choice
of the R, H, and 3.6 µm bands in the observed frame. The first
two bracket the Balmer break, while H − 3.6 µm is sensitive to
the dust attenuation. Fig. 22 shows the R − H versus H − 3.6
µm colors for the quenching subsample (red stars) and the MS
control sample (cyan circles), together with their marginal dis-
tributions with histograms. There is significant overlap between
Article number, page 20 of 28
P. Sklias et al.: Insights on star-formation histories of 1.2 ≤ z . 4 galaxies with GOODS-Herschel
the two groups, with the only important difference being in the
R − H color distribution that is sensitive to the Balmer break.
It is close to impossible to discriminate the two based solely on
broadband photometry, but we see that for a given extinction,
the reddest R − H sources are very likely to be in the quenching
category.
From the emission line flux predictions obtained in the fits,
we observe that the equivalent widths of the quenching subsam-
ple are on average 10 times weaker than in the comparison sam-
ple. For the parametrization used in our fits (Calzetti law, no dif-
ferentiation between nebular and stellar attenuation), we do not
expect Hα equivalent widths of more than 30Å for these galax-
ies. This feature is something that can potentially be confirmed
with NIR spectroscopy, to confirm their nature, as was shown for
an individual case by Sklias et al. (2014).
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Fig. 22: R − H versus H − 3.6 µm color-color diagram and
marginal distributions for the quenching sample (red stars,
hatched area in the histograms) and the MS reference sample
(cyan circles). There is an overall shift upwards of the former
compared to the latter, that is due to the more important Balmer
break of the quenching sources.
There are studies that explore the dependence of SFR indi-
cators with time (e.g. Reddy et al. 2012b, for SFRUV). As noted
in Sect. 4.3, the commonly used Kennicutt calibration for the
IR, assumes continuous SF over ≥ 100 Myr periods. Because of
that, it may produce SFR values that are more like averages over
similar periods, smoothing out episodic events or the evolution
over the last tens of Myr. In this context, the work of Hayward
et al. (2014) points out that the LIR-inferred SFR estimates may
sometimes significantly overpredict the current star formation of
galaxies (by e.g., misinterpreting post-starbursts as starbursts).
We believe that this sub-group of quenching galaxies falls in that
category, and its difference appears thanks to the possibility of
rapid decline of the SFR among the SFHs explored.
6.3. On the cases where LIR is overpredicted
Now we comment briefly on the small fraction of sources for
which our SED models overpredict the observed LIR. There are
about 25 sources that overpredict it by 0.5 dex or more, regard-
less of the SFH used, when the extinction is left unconstrained.
As far as their photometry is concerned, they do not seem to dif-
fer in any particular way from the bulk of the sample. The major-
ity of them show very red colors, little to no evidence of a Balmer
break, most are detected down to wavelengths of ∼ 1500Å rest-
frame, and about half down to ∼ 1200Å, so their UV emission is
well covered. Most are in the LIRG range, with only five above
1012L.
They are found mostly on the right side of the Takeuchi re-
lation on the IRX-β diagrams (Fig. 5), but are not among the
ones we label as quenching (as the latter cause no troubles in
the reproduction of the observed LIR’s). It has been suggested
in the literature (e.g., Siana et al. 2009; Wuyts et al. 2012) that
for sources in this situation steeper attenuation laws such as the
Small Magellanic Cloud (SMC) law (Prevot et al. 1984) are bet-
ter suited to describe them. It should be noted though, that in the
aforementioned works the galaxies studied were primarily situ-
ated in the low end of IRX, with UV slopes at β . 0. In our
Herschel-selected sample, the sources discussed here are in the
IRX range between 1 and 3, and with β > 0, for the most part.
This means that regardless of the attenuation law considered, a
significant amount of extinction is needed to describe them.
Keeping this in mind, we have performed SED fits of this
subsample using the approach described in the present work, and
applying the SMC law, and also the Milky Way (MW) law of
Seaton (1979) that is moderately steeper than the Calzetti law.
From the fits performed with the SMC law, we observe that
the LIR overprediction vanishes for most. On the opposite, the
declining and delayed SFHs now tend to underpredict it. The
rising and constant SFR models do a better job in that regard but
produce significantly higher χ2ν’s, in some cases the fits are really
not matching the photometry. When applied, the SMC law tends
to change the interpretation of the sources’ SEDs, usually find-
ing older, less intensively star-forming solutions, requiring lesser
attenuation (see also Reddy et al. 2012b; Sklias et al. 2014).
The fits using the MW law reduce the overprediction very
slightly, but succeed rather well in fitting the UV-optical slopes,
with the notable exception of the 2175Å graphite extinction fea-
ture which this law contains but for which we see no evidence in
the photometry of this subsample.
This exercise can only tell us that a simple switch of the at-
tenuation law does not suffice to solve the issue, and that proba-
bly exploring a broader parametrization of the extinction law is
needed, eventually with the input of medium-band observations.
Another factor that might push for an overestimation of the ex-
tinction is the single component population in the fits, in case the
NIR part of the spectrum is dominated by very old stars, it can
artificially produce a redder slope. Like with the UV-dominated
sources discussed in Sect. 4.1 and 4.2.1, a two-population ap-
proach should be more appropriate to produce more flexible
SEDs, with a small UV budget for dust to absorb.
Lastly, given the small number of cases we found for this
level of overprediction, and since most of them show signs of
strong to very strong attenuation in their SEDs it is plausible
that their FIR fluxes have been under-evaluated.
7. Summary and conclusions
We have conducted a detailed study of a sample of z ≥ 1.2 Her-
schel-detected galaxies from the GOODS fields, to study their
physical properties and star-formation histories, and to examine
how using the IR luminosity as a constraint in SED fitting im-
pacts the derived physical parameters. For that we have used the
rich multi-wavelength photometry publicly available from (El-
baz et al. 2011; Guo et al. 2013), and the GOODS-N optical
catalog from Pannella et al. (2015), not public at the time of this
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work. The initial sample has consisted of 753 star-forming galax-
ies, individually detected by Herschel.
The fitting tool used is a modified version of Hyperz (Bol-
zonella et al. 2000), modified to impose energy conservation in
the SEDs of the stellar emission (cf. Sklias et al. 2014). Four
SFHs were explored, that produce single component populations
with an exponentially declining, rising, delayed, or constant SFR
(Sect. 3.1). We recall that inferring the SFRs from stellar popu-
lation SED fits with varying SFHs leads intrinsically to a large
dispersion in the estimation of this quantity (Wuyts et al. 2011;
Reddy et al. 2012b; Schaerer et al. 2013; Oteo et al. 2013), and in
the case of dusty galaxies the SFRSED’s are often underestimate
the SFRUV+IR (Fig. 7, left panels).
Our approach has consisted in using the observed LUV and
LIR as estimated in preliminary SED fits to constrain AV from
the IR/UV ratio (cf. Buat et al. 2005; Schaerer et al. 2013),
thus reducing by one the free parameters and produce energy-
conserving fits. This works well for 84% of the sample, where
we obtain good quality fits (in terms of χ2ν), that also reproduce
the LIR within 0.2 dex. The fact that we are able to produce SEDs
well fitting the photometry of the majority of the sample shows
that the IR/UV-constrained extinction is a good proxy for the
average extinction over the integrated emission of the studied
sources. The age-extinction degeneracy, common in red galax-
ies and that tends to mostly lead to underestimated SFRSED’s is
successfully broken, and in most cases leads to more dusty and
star-forming solutions, coherent with the IR emission.
The models produced in this manner impact and constrain
our view of star formation, with respect to classical approach
(i.e., SED fits ignoring IR emission), in the following ways:
– The weak SFRSED’s obtained with the classical fits are over-
all increased, leading to solutions with more ongoing star
formation, that in terms of χ2ν fit almost as well as when the
extinction is a free parameter. In this way, the SFRSED’s be-
come very comparable to the SFRUV+IR’s for most yet not all
of the sample (Fig. 10).
– The estimation of the stellar masses is not much affected by
our method. The values obtained with our method are on av-
erage ≤ 0.1 dex lower than with the unconstrained extinction
fits. This change, along with the previous point are the result
of the IR/UV ratio leading to slightly higher AV on average,
which in turn produces solutions that are slightly younger,
less massive, and more star-forming.
– The instantaneous SFRs inferred by the SEDs (SFRSED) are
comparable to SFRUV+IR for about 80% of the sample, im-
plying that the corresponding sources are near or at a state of
equilibrium as assumed by Kennicutt (1998). Our approach
allows us to identify a fraction (∼ 20%) of sources with
SFRSED  SFRUV+IR (labeled quenching throughout this
work), whose SFHs indicate a rapid decline and for which
LIR does not properly trace recent SF (cf. Hayward et al.
2014). The quenching galaxies belong to the heavier half of
the sample in M? and present a larger Balmer break than sim-
ilar mass main sequence galaxies, which explains why they
are best fitted with rapidly declining SFRs. Spectroscopic ob-
servations should allow to confirm/infirm our interpretation
of the data.
One main focus of this work has been to explore how the
considered star-formation histories behave with this relatively
large sample, and how the choice among them is affected by
the LIR constrain. In this context an important aspect are the in-
volved timescales, specifically with respect to the distribution of
the sample on the SFR – M? diagram. It is well summarized by
considering the ages of the solutions and the t/τ ratio, which il-
lustrates how much change occurred within each one. We note
that the main sequence galaxies have large ages and t/τ ratios
close to 1, indicating continuous growth for long periods. The
galaxies above the MS (starbursts) have mostly minimal ages,
and fast rising SFRs. The quenching galaxies (below the MS)
have ages superior to 100 Myr, and large t/τ ratios, meaning that
their SFRs have declined rapidly in a short period of time, and
are consistent with being post-starbursts.
Regarding the trends in the star-formation histories of the
studied galaxies and signs of evolution, we find the following
results:
– There is a notable shift from declining SFHs that are pre-
ferred for half of the sample when the extinction is uncon-
strained, toward rising SFHs in the energy-conserving mod-
els. This preference increases with redshift, and the fraction
of sources best fitted with the rising SFHs exceeds 50% at
z ≥ 2.5. The evolution of the preferred SFHs is suggestive
of the cosmic star-formation history, with sources best fitted
with declining SFRs at z <∼ 1.5 and rising SFRs at high red-
shift, although this last remark requires further investigation
with larger samples.
– There is also a strong trend in the SFH preference with
galaxy mass, where the majority of low mass galaxies (50%
or more for M? <∼ 1010.3M) is best fitted with rising SFHs
and high mass (50% or more for M? >∼ 1010.5M) ones prefer
declining SFHs.
– By separating the sample in two parts in mass, and tracing
the best fitted SFHs back in time, we are able to remark that
its star-formation history is compatible with the downsiz-
ing scenario, despite the simple analytical form of the SFHs,
based on exponential functions. Massive galaxies, with typ-
ically M? >∼ 1010.5M, reach a peak of SF between z = 1.5
and 2, and follow the CSFH closely with little scatter. Lower
mass galaxies have a peak of SF closer to z ∼ 1.
– When considering the solutions with rising SFH among the
rising models, we observe a strong trend of the e-folding pa-
rameter τ with both z and M?. The lower masses and higher
redshift sources tend to have the smallest τ, and then it in-
creases with M? and lowering redshift. From this trend, we
have constructed a simple evolutionary toy-model, produc-
ing mass build-up tracks that follow this dependency of τ
with the mentioned parameters. Applied to initial conditions
within our sample it starts first in a bursty manner, rising
above the MS for about 500 Myr, then reaching it and evolv-
ing steadily for a couple of Gyr along the MS. During the
period from z = 4 to z = 1 we tend to reach masses higher
than 1012M, which suggests that at some point star forma-
tion must decline, corroborated by the increasing number of
high mass galaxies that are best fitted by declining SFHs.
Although some of the above findings are limited by statistics,
the trends revealed can only gain in robustness when larger IR-
selected samples will become available, going beyond the reach
of Herschel, both in mass and z.
Finally, for the small fraction (16%) of the sample for which
LIR was not reproduced well by our models we note:
– The sources where IR-constrained fits yield strongly under-
predict LIR are very IR-luminous and tend to have among the
bluest UV slopes of the sample. This indicates that the single
component population approach and the condition of energy
conservation as applied here do not hold (that also shows in
the fact that their fits have for most very large χ2ν’s), and other
methods should be tried.
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– For the sources that overpredict LIR we have tested first
whether the choice of the Calzetti law was inadequate. We
have explored other attenuation laws but this alone does not
solve the issue. Commonly used alternatives like the SMC
law prove very ill-adapted for these sources, for which their
photometry suggests that they are intrinsically very red. We
note in passing the absence of the 2175 Å feature in the stud-
ied subsample. An explanation for their IR emission remains
to be found.
Ways to address the described issues above are being ex-
plored, and will be the subject of a future publication. They
will include the use of double-population SEDs, and a broader
parametrization of the extinction laws. More complex SFHs in-
spired by the trends discussed in this work can also be built and
put to the test in characterizing observations.
To further constrain and confirm our findings concerning the
quenching subgroup, our next steps will be directed to include
spectroscopic observations when available, and medium-band
survey data such as SHARDS (Pérez-González et al. 2013). The
latter have proven the capacity of bringing robust constraints in
z ≥ 1 galaxies that are one step more evolved than the sources
discussed in the present work (Domínguez Sánchez et al. 2015).
To strengthen the findings on the z ∼ 3−4 sources using the con-
strain of energy conservation, ALMA observations will help im-
prove the numbers, detection-quality, and luminosity-limitations
for that era, crucial for understanding star formation before the
cosmic peak.
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Appendix A: On the robustness of the best fitting
SFHs and estimation of uncertainties
Given the fact that most of the present analysis relies on the dis-
crimination between different SFHs based on χ2ν minimization,
we now will provide some elements regarding the robustness of
the best fitting solutions and the uncertainties regarding the de-
rived parameters. To this end, we have conducted SED fits on
Monte-Carlo (MC) variations of the stellar photometry (1000
variations per source, obtained by perturbing each photometric
measurement within its corresponding error bar) for each SFH.
From this we obtain median values and 68% confidence intervals
of the relevant physical parameters to illustrate the uncertainties.
To best assess the stability of the presented star-forming picture,
and to provide meaningful insight on the physical parameters of
the study’s sample, the MC catalog was separated into the three
discussed groups (MS, SB, and quenching), based on the solu-
tions found in the best fits of the original photometry.
We first comment on the robustness in SFH preferences over
the full sample and the subgroups, and subsequently discuss the
physical parameters more quantitatively.
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Fig. A.1: Density plots in the SFR – M? plane for the MC variations of the sample, separated as MS, SB, and quenching (left, center,
and right, respectively) according to the best fits of the original photometry. Densities are in log. In all groups, a large majority of
the MC best fits is found occupying the area where the original sources were lying.
Remarks on the best fits. For each galaxy, the most common
SFH type among the 1000 variations matches the best-fitting
SFH of the original photometry in 78.3% of the sample (83.3%
in GOODS-South which has the deepest and best constrained
photometry), with preference percentages explicited below.
When comparing the χ2ν of every fit obtained with the de-
clining set of SFHs to the χ2ν of the same fitted variations from
the rising set, we find that for every source, a large majority of
the MC variations prefers one SFH over the other, usually with
a rate close to 100% (the most “disputed” case found has 67.6%
of its variations favoring the declining SFHs vs 32.4% for the
rising, and fewer than 10 sources present a split more balanced
than 70-30). Evidently, when considering a comparison includ-
ing the delayed SFH, the "scores" become more evenly split, as
these models can behave both like the declining or the rising de-
pending on every particular case.
Always based on the χ2ν’s, the best fitting SFH for every MC
variation was kept to check their prevalence among the distin-
guished subgroups, and to assess how well confined the area they
occupy on the SFR – M? diagram is. The SFH preferences are
summarized in Table A.1, where we can see that the percent-
ages of each SFH can vary substantially among the three groups.
The last row, showing the preferences for the whole energy-
conserving sample, are very comparable with those from Table 1
(fixed AV ), indicating that the MC catalog behaves in the broad
lines similarly to the original photometry sample.
Group CSFR(%) DECL(%) DEL(%) RIS(%)
Main Seq. 3.53 47.21 17.05 32.21
Starbursts 1.03 12.70 26.06 60.21
Quenching < 0.01 75.4 24.6 0.0
All 2.68 40.65 19.76 36.91
Table A.1: SFH preferences for the three subgroups of the sam-
ple (and all summed together in the last row) as obtained by the
SED fits of the MC variations of the photometry.
Fig. A.1 shows how the fitted MC variations are distributed
on the SFR – M? plane, in the form of a density plot to assess
the robustness of the labeling (MS, SB, and quenching) given to
the studied sources in our work. Each panel shows the results of
the MC fits belonging to sources whose original photometry fits
casted them to belong in one of the aforementioned categories
(i.e., the left panel shows the data from the MC fits of sources
initially labeled as MS, the middle panel those initially labeled
as SB, and the right one for the quenching). This allows us to vi-
sualize how stable the obtained SFHs are in a statistical manner.
From this we remark the following: 81.5% of the MC fits
from MS sources is found within the MS, with the rest mainly
being interpreted as more starbursty; 92% of the MC fits from
SB sources is found above the MS; finally, 66.1% of the MC fits
of quenching sources are found below the MS, but with 95% of
them favoring τ ≤ 100 Myr (the 33.9% found within the MS is to
be contrasted with the 7 sources out of the 43 labeled as quench-
ing that were found within the MS in the original photometry
analysis). The marginal overlap between the MS and SB is ex-
plained by the fact that some of the MC variations can point to-
ward solutions involving slightly lower masses and higher SFRs
(and hence more starbursty, like when a rising SFH is preferred
over a declining SFH), and vice versa. But as discussed, this hap-
pens for a small minority of cases.
Median values and 68% confidence intervals of physical pa-
rameters. In Table A.2 we present the median values and 68%
confidence intervals of the main physical parameters describing
our SED models. We recall that the extinction is obtained by the
IRX ratio and served as input. With respect to the physical pa-
rameters of the original photometry fits, we find no particular
deviations in the quantities obtained in the MC fits.
Appendix B: Examples of SED fits from our
analysis
In the present section we show SED plots for a number of se-
lected sources, with the best fitting solutions when the extinction
is unconstrained and when assuming energy conservation, plot-
ted together for visual comparison. To economize space on the
plots, the expression log(LIR,predicted/LIR,observed) is shortened to
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t (Gyr) τ [Gyr] M? [1010M] SFR [M· yr−1] AV (mag)
Main Sequence 0.36 (0.09–2.6) 0.3 (0.03–2.0) 4.47 (1.72–11.2) 79.84 (33.51–211.2) 1.7 (1.2–2.4)
Starbursts 0.052 (0.052–0.255) 0.03 (0.03–0.3) 1.57 (0.62–3.51) 340.1 (143.2–894.5) 2.24 (1.5–3.2)
Quenching 0.255 (0.128–0.255) 0.03 (0.03–0.05) 7.96 (4.42–14.7) 11.28 (1.57–35.24) 2.0 (1.5–2.5)
Table A.2: Median values of relevant physical parameters and 68% confidence intervals (in parentheses), as obtained by the SED
fits of the MC variations.
∆IR. All figures are shown in the νFν formalism, that reduces
the range in the y-axis and offers more detail.
Fig. B.1 shows examples representative of the majority of
the sample, where our energy conservation produces good to
very good fits, and finds solutions consistent with the observed
IR luminosities. Fig. B.2 shows the sources tagged as quench-
ing in particular, where most often what are perceived as old-
passive populations in the unconstrained fits are re-modeled as
younger post-starbursts with more residual star formation and
enough dust to account for the IR observations. Fig. B.3 shows
some of the most striking cases of the sources discussed in Sect.
4.2.1, where galaxies are simultaneously too blue and IR bright,
and can’t be modeled properly using our simple approach.
Article number, page 25 of 28
−0.5 0.0 0.5 1.0
log[λobs/µm]
−0.5
0.0
0.5
1.0
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 1.695
∆IR = 0.56
fixed AV
χ2 = 1.888
∆IR = 0.02
ID 11032, z = 1.295, log(LIR/L¯) = 11.12
−0.5 0.0 0.5 1.0
log[λobs/µm]
−1.0
−0.5
0.0
0.5
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 1.564
∆IR = −0.51
fixed AV
χ2 = 2.863
∆IR = −0.03
ID 12239, z = 2.68, log(LIR/L¯) = 12.02
−0.5 0.0 0.5 1.0
log[λobs/µm]
0.0
0.5
1.0
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 0.411
∆IR = 0.43
fixed AV
χ2 = 0.6754
∆IR = 0.12
ID 16600, z = 1.25, log(LIR/L¯) = 11.39
−0.5 0.0 0.5 1.0
log[λobs/µm]
−0.5
0.0
0.5
1.0
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 0.823
∆IR = −0.26
fixed AV
χ2 = 1.074
∆IR = 0.0
ID 22123, z = 1.64, log(LIR/L¯) = 11.59
−0.5 0.0 0.5 1.0
log[λobs/µm]
−1.0
−0.5
0.0
0.5
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 0.5854
∆IR = −0.56
fixed AV
χ2 = 2.428
∆IR = −0.14
ID 22351, z = 2.43, log(LIR/L¯) = 12.15
−0.5 0.0 0.5 1.0
log[λobs/µm]
−1.0
−0.5
0.0
0.5
lo
g
[ν
F
ν
/µ
J
y
µ
m
−1
]
free AV
χ2 = 0.7423
∆IR = −0.54
fixed AV
χ2 = 1.564
∆IR = 0.05
ID 36142, z = 1.985, log(LIR/L¯) = 12.25
Fig. B.1: Examples of galaxies fitted with the standard approach (“free AV”, cyan), and with the energy conserving approach (“fixed
AV”, red). The photometry is shown with blue circles, and the error bars are 1σ. For each fit, we show the reduced χ2ν and the ratio of
predicted over observed LIR (∆IR = log(LIR,predicted/LIR,observed)). Although in some cases the “before and after” SEDs look similar
in first order, they can represent different sets of parameters, illustrating how the LIR constrain helps in finding solutions that are
more consistent with the observations.
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Fig. B.2: Same as Fig. B.1, only the present SED fits are taken from the quenching subsample only.
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Fig. B.3: A selection among the sources for which the energy conserving approach does not produce good quality fits. We recall
that those sources lie on the high LIR end, and have bluer slopes than what is inferred by their IRX ratios. As a consequence, the
difference between the free and fixed AV solutions are significant. While the unconstrained fits (cyan) range from moderately good
to very good, they underpredict the LIR by more than 1 dex. The fixed AV fits (red) present SEDs that are incompatible with the
photometry, and in cases still do not account well for the LIR. Colors and symbols as in B.1.
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